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 Current agricultural practices are unsustainable due to their harm to the environment and 
soil health. Soil organic matter (SOM) is critical to maintaining healthy soils and productivity. 
However, SOM loss can be accelerated through agricultural management practices such as 
tillage. Conservation practices such as no-till (NT) and cover crops (CC) can potentially mitigate 
these negative consequences of conventional agriculture management and enhance soil health. 
While this may be true, the positive effect of these conservation practices has been inconsistent, 
as SOM status is affected by a variety of soil management practices. An additional challenge is 
that many metrics of soil health change very slowly, making management recommendations 
difficult in the short-term. Therefore, certain indicators have been developed to be more sensitive 
and responsive to management practices. Presently, little research has looked at the combined, or 
stacked, effect of using both reduced tillage system and cover crops at the same time.  
The primary objective of this study is to investigate the short-term effects of tillage 
systems and cover crop on different aspects of soil health that include: (1) agronomic and 
economic returns, (2) soil chemical and biological health indicators and water quality, and (3) 
soil physical health indicators. This study was established in the fall of 2017 through the fall of 
2019. The experimental design was a split-split plot design with tillage system as the main 
treatment and cover crop as the sub-treatment in a corn (Zea mays L.)–soybean [Glycine max 
(L.) Merr.] rotation. Cover crop treatments were no cover crop (NC) and winter rye (Secale 
cereale L.) cover crop (CC). Tillage treatments were chisel plow (CP) and no-till (NT). Each 
treatment combination was executed in this 2x2 complete factorial design. Soil samples were 
taken in the spring and fall of each year and analyzed for the different parameters within the 
above objectives. A secondary objective was to evaluate the effect of soybean residue quality in 
x 
the two different tillage systems by measuring decomposition in situ of three different soybean 
varieties with C:N ratios ranging from 29:1 to 47:1. 
All significant effects were main effects; interaction effects were not observed with 
tillage and cover crop treatments. The findings of this study suggest that CP decreases soil 
moisture and increases soil temperature. Soil daily maximum temperature was 2.4℃ lower in 
corn and 4.5℃ lower in soybeans for NT compared to CP, and soil moisture was 8.8% greater in 
corn and 8.3% greater in soybeans with NT. Aboveground CC biomass was an average of 34% 
lower in NT than CP. The results also showed an increase in yield in the first year of CC in corn 
and the second year of CC treatment in soybean yield (9.7% and 3.9%, respectively) compared to 
NC treatment. Economically, input costs were $65 ha-1 lower with NT compared to CP, and $83 
ha-1 higher with CC than NC. When the use of CC improved yield, economic returns increased 
by an average of $11 ha-1 before accounting for cost-share programs valued at $80 ha-1.  
Soil total organic C pools and pH were less responsive to the treatments, but more 
sensitive indicators such as MBC and ρb showed improvements over the course of two years 
associated with NT and CC. MBC was greater in NT compared to CP in corn plots and increased 
52% in CP–CC than the other treatments in soybeans in the spring of 2019. In the spring of 2019, 
ρb was 8% lower in CC than NC in corn plots. The conservation practices of NT-CC showed 
improvements to water quality by reducing nitrate leaching by 20% with tillage and 9% with CC, 
and improvement of water infiltration. Additionally, NT had faster and greater soybean residue 
decomposition, regardless of C:N ratio.  
In conclusion, when NT and CC are managed properly in cool wet soils in North Central 
Iowa, they can produce competitive yields and economic returns while improving soil health and 
water quality. These findings are important because optimal systems approaches are necessary to 
xi 
meet the major challenges facing farmers. This research represents a step in the process of 
combating the lack of research in systems approaches towards solutions to these challenges. The 
integration of cover crops and reduced tillage as potential solutions are strengthened by finding 
no evidence of certain perceived barriers to adoption, namely yield penalties caused by wet soils 
and nutrient deficits due to cover crops. 
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 GENERAL INTRODUCTION 
The surface of the Earth has been dramatically altered by agricultural activities 
(Ramankutty et al., 2008). As a result of the global expansion of agriculture and the use of tillage 
to cultivate crops, one study found that soils have lost an estimated 30-50% of their original 
amount of soil organic carbon (SOC) (Lal, 2002). A meta-analysis found a decrease of 59% in 
soil carbon stocks when land use changed from natural grassland to cropland (Guo and Gifford, 
2002). Most of the Midwest United States landscape has been converted from prairie grassland, 
woodlands, and wetlands to agricultural production systems for food and fiber (Gallant et al., 
2011). Iowa is part of that trend in land use change, where 80% of Iowa’s land was occupied by 
grassland in the mid-1800s (Gallant et al., 2011). Today, that number is approximately 5% 
(Gallant et al., 2011). The dominant conventional agriculture in the Midwest has contributed to 
the hypoxic zone in the Gulf of Mexico due to nutrient losses (Hatfield et al., 2013). These 
nutrient losses are due to absence of living crops during off-season such as cover for most of the 
year in the dominant annual cropping system of corn (Zea mays L.) and soybean [Glycine max 
(L.) Merr.] (Rundquist and Carlson, 2017). 
The current agricultural systems need to be reconsidered in order to provide sustainable 
system which maintains production and reduce negative impacts on the environment (Foley et 
al., 2011). As average income continues to increase globally, the demand for foods which require 
more land and water for production will concurrently continue to increase (Godfray and Garnett, 
2014). The current conventional agriculture practices have the potential to cause environmental 
damage through loss of biodiversity and soil and water degradation (McDaniel et al., 2014; 
Hatfield et al., 2013; Foley et al., 2011). 
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Another challenge associated with conventional agriculture practices is the impact on 
water quality. Under conventional agricultural practices, fields are barren for many months each 
year. This creates opportunities for nutrients such as nitrogen (N) and phosphorus (P) to leak into 
surrounding waterways and the environment (Rundquist and Carlson, 2017). As a response to 
this issue, the Iowa Nutrient Reduction Strategy (INRS) was developed to potentially reduce the 
amount of N and P delivered by Iowa agriculture to the Gulf of Mexico by 45% (Nowatzke et al., 
2020).  
The current efforts in promoting soil health represent a response to these challenges to 
reverse soil degradation to ensure sustainable agriculture production system. Soil health can be 
summarized as the continued capacity of soil to function as a vital living ecosystem that sustains 
plants, animals, and humans (Doran et al., 1996). It was estimated that 60-70% of carbon lost can 
be restored through implementation of soil health principles and crop management practices, 
such as no-till (NT) and cover crops (CC), though the rate is dependent upon climate variables 
such as temperature and precipitation (Lal, 2002). Some researchers suggest that using soils to 
sequester carbon is a cost-effective option of mitigating greenhouse emissions (Lal, 2002).  
The INRS lists NT and CC as two of the most impactful in-field practices available to 
reduce the amount of applied N and P lost from farmland. Since 2012, NT acres in Iowa 
increased from 6.9 million acres to 8.2 million acres in 2017, and CC increased from 379,000 
acres in the fall of 2011 to 973,000 acres in the fall of 2016 (USDA NASS, 2017). The Soil 
Health Institute notes these changes amount to an 18% and 156% increase in the adoption of NT 
and CC, respectively (Myers and LaRose, 2019). While the percent increase of CC adoption is 
high, those acres made up only 2.6% of all corn and soybean acres in 2015 (Rundquist and 
3 
Carlson, 2017). This low adoption rate is influenced by the perception that cover crops require 
greater economic incentives to make them economically viable (Roesch-McNally et al., 2018). 
The implementation of conservation practices such as NT and CC can mitigate the impact 
on water quality through minimum mechanical soil disturbance, permanent soil organic cover, 
and species diversification (FAO, 2017). Incorporating CC and NT into management systems 
meets all three of these principles as well as the recommendation of the INRS as previously 
mentioned. Adopting NT eliminates mechanical soil disturbance historically caused by tillage. 
The CC provide permanent soil organic cover by providing living cover during otherwise fallow 
periods (Rundquist and Carlson, 2017; Kaspar and Singer, 2011), as well as residue after 
termination. Cover crops also provide species diversification to a two-year rotation that would 
otherwise be corn-soybean. With a cover crop such as cereal rye (Secale cereal L.), that two-year 
rotation becomes corn-rye-soybean-rye. 
The benefits of using NT to reduce soil disturbance include increasing SOC (Al-Kaisi 
and Kwaw-Mensah, 2020; Al-Kaisi et al., 2005; West and Post, 2002), respiration, water stable 
aggregation (WSA), total N, total P, (Nunes et al., 2018) decreased input costs (Al-Kaisi et al., 
2015) and labor (Al-Kaisi et al., 2004). SOM, and SOC more specifically, is essential to healthy 
soils (Al-Kaisi and Kwaw-Mensah, 2020; Hatfield et al., 2013). It improves soil water 
availability, productivity, and biota (Al-Kaisi and Kwaw-Mensah, 2020), and regulates climate 
and disease (Adhikari and Hartemink, 2016). SOC changes slowly and in many cases is difficult 
to measure differences between treatments. Transitioning to sustainable agricultural management 
practices has the potential to increase the accumulation of SOC from the atmosphere in about 
five years (Al-Kaisi and Kwaw-Mensah, 2020; Sainju et al., 2002; West and Post 2002).  
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Cover crop can help manage weed pressure, soil erosion, runoff, nutrients, soil water, 
microbial biomass, and productivity (Buchi et al, 2020; Kaspar and Singer, 2011; McDaniel et 
al., 2014; Al-Kaisi et al., 2004). A forty-five-year model simulation predicts cover crops can 
reduce total soil C (TC) losses by half (Basche et al., 2016). They provide reduced nitrate 
leaching (Constantin et al., 2015; Kaspar et al., 2012), better water infiltration to the soil, 
decrease runoff, and the increased nutrient use efficiency leads to better water quality (Dabney et 
al., 2001). Combining NT with cover crops has shown increases in SOM to a depth of 30 cm, 
improved WSA, decreased bulk density and penetration resistance, and increased porosity 
(Villamil et al., 2006). 
There is a perception that NT will cause a decrease in yield (Al-Kaisi et al., 2004). As 
previously mentioned, cover crops are perceived as requiring greater economic incentives to 
make them economically viable as well (Roesch-McNally et al., 2018). A study in Iowa found 
that NT consistently led to decreased yield compared to conventional tillage systems in northern 
locations (Al-Kaisi et al., 2015). This may be caused by lower soil temperatures in NT (Ogle et 
al., 2012). A recent meta-analysis showed no significant difference in yield variability between 
conventional and conservation agricultural practices (Knapp and van der Heijden, 2018). Other 
research finds similar productivity in corn and soybean yields in NT systems compared to 
conventional tillage (Olson et al., 2013). These conflicting results suggest many other variables 
should be considered, including environment and other management practices (Daryanto et al, 
2017). For example, one meta-analysis found a yield benefit in dry climates with NT, while NT 
reduced yield in humid climates (Huang et al., 2018). Combining agronomic evaluation with 
economic analysis provide a more complete analysis of these systems beyond yield (Al-Kaisi et 
al., 2015). While up-front costs such as seed and planting are associated with CC, potential 
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financial benefits include reduced soil erosion, N cycling, reducing subsurface nutrient loading, 
and higher nutrient use efficiency (Roth et al., 2018; Dabney et al., 2001). Other financial 
benefits that accompany adoption of NT, such as reduced labor, fuel, and equipment costs need 
to be considered when making decisions about conservation practices. 
Cover crop use in the Des Moines Lobe area has unique challenges, where the soil 
environment is cool and wet. Small grains are the most common cover crops grown in Iowa 
(Singer et al., 2007), and cereal rye is the most winter hardy small grain, which gets it through 
the cold winters in Northern Iowa (Moore et al., 2014). Since soil moisture under NT tends to be 
higher and have lower temperatures (Al-Kaisi et al., 2016), having CC to extract moisture may 
help improve soil conditions when planting the cash crop in the spring (Daniel et al., 1999). 
Indeed, CC has a documented effect in decreasing soil moisture in the spring (Krueger et al., 
2011; Wells et al., 2016). While this may lead to a yield decrease in some climates (Krueger et 
al., 2011; Wells et al., 2016), soils in the Des Moines lobe with excess moisture in the spring due 
to high clay content and wet springs may benefit from this reduction when water is not limited 
(Martinez-Faria et al., 2016). 
The magnitude of change in soil C and N from tillage depends on factors such as soil 
type, soil drainage class, climate (Al-Kaisi et al., 2015), and crop rotation (McDaniel et al., 
2014). This change may be amplified even further when conservation practices such as 
incorporating CC are stacked (McDaniel et al., 2014). Increases in soil C from NT may have a 
delayed response (West and Post, 2002). Recommendations suggest adoption of tillage practices 
be location specific for achieving optimal outcomes (Al-Kaisi et al., 2015).  
A number of soil health indicators have been developed to quantify potential 
management practices impact on soil biological, physical, and chemical properties. These three 
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properties are linked and play a significant role in influencing the quantity of SOM present in the 
soil. Selected indicators were used to accomplish the objectives presented in this study. 
The objectives of this study were to document the short-term (i) agronomic and 
economic, (ii) soil health, and (iii) water quality benefits of a systems approach to soybean 
production in the Des Moines Lobe by evaluating the individual and interactive effects of NT, 
CC, and soybean residue decomposition. Proper soil management techniques ensure the long-
term ability of soils to sustain a sufficient food supply and prevent further environmental 
degradation (Hatfield et al., 2013). 
Thesis Organization 
 This thesis is organized into five chapters, each of which will focus on a different aspect 
of the effects of tillage and cover crops on yield, soil health, and water quality. The first chapter 
is a general introduction describing the importance of understanding the relationships between 
soil management and soil health. The second chapter addresses the effects tillage and cover crops 
have on grain yield, CC aboveground and root biomass, and economic returns. The third chapter 
examines the effects of tillage and cover crops on total carbon (TC) and total nitrogen (TN) of 
CC tissue, and the soil biological and chemical properties of soil TC, soil microbial biomass 
carbon (MBC), soil pH, soil nitrate-nitrogen (NO3-N), water quality, Pearson correlations, and 
soybean residue decomposition (SRD). The fourth chapter focuses on the effect of tillage and 
cover crops on the soil physical properties soil bulk density (ρb), water stable aggregates (WSA), 
mean weight diameter (MWD), penetration resistance (PR), and water infiltration rate (Ir). The 
fifth chapter summarizes the findings of this study. Understanding how tillage and cover crops 





 Research Question 2a: What are the short-term effects of cover crops and tillage system 
on corn and soybean yields and economic return? 
 Research Question 2b: How does tillage system affect CC biomass? 
Chapter 3: 
 Research Question 3a: What are the short-term effects of cover crops and tillage system 
on soil biological and chemical properties? 
Research Question 3b: What are the short-term effects of cover crops and tillage system 
on water quality? 
 Research Question 3c: How does tillage system and residue quality affect soybean 
residue decomposition? 
Chapter 4: 
 Research Question 4: How does cover crop and tillage system affect soil physical 
properties? 
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Abstract 
Current agricultural practices are unsustainable due to their harm to the environment and 
soil health. Cover crops and no-till are soil management practices that have been proposed to 
promote sustainability while maintaining productivity. This study investigates the performance 
of agronomic and economic responses in cold wet soils in the Des Moines Lobe in a split-split 
plot design with tillage as the main treatment and cover crop as the sub-treatment in a corn (Zea 
mays L.)–soybean [Glycine max (L.) Merr.] rotation. Cover crop treatments were no cover crop 
(NC) and winter rye (Secale cereale L.) cover crop (CC). Tillage treatments were chisel plow 
(CP) and no-till (NT). Each treatment combination was executed in this 2x2 complete factorial 
design. The objective of this study was to evaluate the effects of these treatments on CC biomass, 
crop yield, and economic input and returns. Our findings suggest that CP decreases soil moisture 
and increases soil temperature and CC biomass. We also found an increase in yield in the first 
year of CC in corn and the second year of CC treatment in soybeans yield (9.7% and 3.9%, 
respectively) compared to NC treatment. The increase in economic returns from these crop-years 
compensated for the additional costs associated with CC. If cost-share programs are considered, 
the CC treatments on average yield greater net returns than the traditional CP–NC treatment. 
When NT and CC are managed properly in cool wet soils in North Central Iowa, they can 
produce competitive yields and economic returns. 
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Introduction 
Thirty-six percent of global production of corn (Zea mays L.) and 34% of soybeans 
[Glycine max (L.) Merr.] occurs in the United States (FAOSTAT, 2020), and a significant 
portion of that production occurs in Iowa (5.26 million hectares and 4 million hectares in 2017, 
respectively, USDA NASS, 2017). Because this region is highly productive, promoting 
sustainability is critical to maintaining global food production. Conventional agricultural 
practices are unsustainable due to the negative impacts on the environment and soil health. Cover 
crops (CC) and no-till (NT) have been proven to reduce the negative impact on the environment 
such as water quality due to soil and nutrient losses as well as soil health. Winter rye (Secale 
cereale L.) is the most used CC in Iowa, due to its survivability of the cold winters, tolerance of 
cold and wet soil environment, and high biomass production (Snapp et al., 2005). 
NT is perceived as having lower soil temperature, higher soil moisture content, and 
higher surface soil penetration resistance than management practices utilizing tillage, especially 
in poorly drained soils such as the ones found in the Des Moines Lobe (Licht and Al-Kaisi, 
2005). Use of a CC along with NT can have a positive effect on these properties (Villamil et al., 
2006), which is why this study investigates both practices in tandem. CC also facilitates 
trafficability by removing excess soil water near cash crop planting time (Qi and Helmers, 2010, 
Munawar et al., 1990).  
Yield and economic return are highly influenced by tillage. There is concern that yield 
may decrease in NT compared to conventional tillage practices (Yin and Al-Kaisi, 2004). The 
results appear to be mixed, and dependent on the year and location. One study found no 
difference between tillage treatments across soil types in Iowa over seven years (Al-Kaisi et al., 
2005). A long-term study in Iowa showed no difference in yield between tillage systems, but 
economic returns were higher in the NT system due to decreased inputs (Yin and Al-Kaisi, 
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2004). Recent studies analyzing the effects of tillage on economic returns, soybean yield, and 
corn yield across Iowa show that NT had lower corn yields in poorly drained soils (Al-Kaisi et 
al., 2015), but no significant difference in soybean yield among different tillage systems in Iowa 
(Al-Kaisi et al., 2016), and greater economic returns (Al-Kaisi et al., 2015; Al-Kaisi et al., 2016) 
compared to conventional tillage. 
Another common perception is that using CC will decrease yield by extracting soil 
nitrogen (N) affecting row crop performance (Arbuckle and Roesch-McNally, 2015), and that 
they require greater subsidization to be economically viable (Roesch-McNally et al., 2018). A 
study in Minnesota by Krueger et al., (2011) found no difference in corn yield when winter rye 
was planted in the fall and terminated prior to corn planting. Another study in Illinois showed 
winter rye is an effective way to extract residual N without affecting soybean yield (Ruffo et al., 
2004). Performance of CC is affected by planting and termination date (Duiker, 2014). CC must 
be terminated at a sufficient time prior to row crop planting to reduce the effect of residual 
herbicide on row crop seedlings and any potential effect of disease (Acharya et al., 2017). As 
mentioned previously, winter rye can remove significant moisture from the soil (Qi and Helmers, 
2010) and reduce subsurface drainage discharge (Strock et al., 2004), creating an optimal 
growing environment for the subsequent crop (Munawar et al., 1990). 
 Understanding the long-term effects of these practices is critical to accurately suggest 
beneficial conservation practices. There is also value in studying the short-term effects, so 
producers can have an idea of what changes may occur in the first few years of a new 
management system. 
The objectives of this study were to investigate the effect of tillage system and CC 
management on CC biomass, row crop yield, and economic returns in North Central Iowa. 
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Research Question 2a: What are the short-term effects of cover crops and tillage system 
on corn and soybean yields and economic return? 
 Research Question 2b: How does tillage system affect CC biomass? 
We hypothesized that utilizing NT and CC would improve corn and soybean yield and 
economic return.  
Materials and Methods 
Experimental site and treatments 
This experiment was established in the fall of 2017 on a Nicollet clay loam (Fine-loamy, 
mixed, superactive, mesic Aquic Hapludolls), Webster clay loam (Fine-loamy, mixed, 
superactive, mesic Typic Endoaquolls), and Clarion loam (Fine-loamy, mixed, superactive, 
mesic Typic Hapludolls) soil association at the Iowa State University Northern Research Farm in 
Kanawha, Iowa (42.937°N; 93.802°W). Before the experiment was established, the entire site 
was in a traditional corn–soybean rotation. The field was strip tilled for three years leading up to 
the establishment of this study, and chisel plowed before that. The site was split into two halves 
for this study. One half was kept in corn and the second half was planted with soybean. The corn 
half of the site was treated as continuous corn in 2018. Liquid urea-ammonium nitrate 32% N 
(UAN) was broadcast on 28 April 2018 with a Hagie 280 self-propelled sprayer with an 18-m 
boom (Hagie, Clarion, IA) using agronomic rates of 190 kg ha-1. On 18 June 2018, the corn plots 
received additional UAN side-dressed at 60 kg N ha-1 with a John Deere 6105R tractor (John 
Deere, Moline, IL) and custom side-dress bar where the knife places the UAN 5-8 cm below the 
surface. Following a two-year application schedule, phosphorus and potassium fertilizer were 
applied in the fall of 2018 with a 6105R John Deere (John Deere, Moline, IL) and a Valmar 
spreader (Salford, Inc., Osceola, IA) at rates of 250 kg ha-1 of monoammonium phosphate (MAP, 
11-52-0) and 270 kg ha-1 for soybean plots and 400 kg ha-1 for corn plots of potash (0-0-60) to 
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maintain optimum fertility for both corn and soybeans. The average annual temperature in 2018 
and 2019 was 7.08 ℃ and 6.69 ℃, respectively, and the annual precipitation was 1266 mm and 
1062 mm, respectively (Fig. 2.1 and 2.2).  
The site for each crop consisted of two tillage systems; no-till (NT) and chisel plow (CP), 
which represent the main treatment. The CP was conducted followed by disc in the fall after 
harvest and prior to CC seeding (winter rye). The CP was implemented to a depth of 15 cm with 
a John Deere 714 (Moline, IL) with an added row of concave disc blades to chop up residue. 
Disc treatment was implemented in the spring with a Kewanee 1020 (this model is no longer 
available in the market), a tandem disc with concave blades in two rows offset at an angle that 
works the soil to a depth of 10 cm. Spring tillage was executed after CC termination to a depth of 
10 cm with a John Deere 726 soil finisher (John Deere, Moline, IL), which is similar to a field 
cultivator but with an added row of concave disc blades in the front. The NT system had no soil 
disturbance except during seed planting, CC seeding, and side-dress N fertilizer application. 
The cover crop treatments consisted of no cover crop (NC), in which no cover crop was 
planted, and cover crop (CC), in which winter rye was seeded at 90 kg ha-1 for each tillage 
treatment and crop-year using a John Deere 1560 no-till drill (John Deere, Moline, IL) . The CC 
was planted on 8 November 2017 for all CC plots, 23 October 2018 in CC plots previously 
planted with corn, and 16 November 2018 in CC plots previously planted with soybeans. Due to 
different row crop harvest dates, CC was not planted in all plots on the same date in 2018. In 
2018, CC was terminated using Abundit® Edge herbicide (glyphosate) on 17 May in plots 
previously planted with soybeans and 4 June in plots previously planted with corn. The CC was 
terminated in 2019 with Abundit® Edge herbicide (glyphosate) on 13 May. Glyphosate was 
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applied at a rate of 79 oz ha-1 with a John Deere 6105R tractor (John Deere, Moline, IL) and a 
Century 300 3-point sprayer.  
The site was planted at a seeding density of 86,500 seeds ha-1 for corn (Dekalb 49-72 in 
2018 and Becks 5140 in 2019) and 330,000 seeds ha-1 in 2018 and 371,000 seeds ha-1 in 2019 for 
soybeans. The planter used was a John Deere 1705 planter (John Deere, Moline, IL). Four 
different soybean varieties were planted that include three experimental varieties used to evaluate 
the soybean decomposition with different carbon (C): N ratios in the field. Six rows of each 
variety were planted in each plot. The three experimental varieties (V1, V2, and V3) are not 
commercially available.  The fourth traditional variety (V4) is commercially available (Pioneer, 
22T69R), and was used to calculate yield. More details are available in Chapter 3 about the other 
three varieties for the soybean residue decomposition evaluation.  
Treatments were established to monitor the effects of cover crop and tillage systems on 
yield, CC biomass, and economic input and output in a split-split plot design with tillage as the 
main treatment effect and cover crop as the sub-treatment with three replications in a corn-
soybean rotation, where both crops were grown in both years. The dimensions of each plot were 
18.3 m wide by 30.5 m long with 9.1 m separating corn and soybean sites and 18.3 m between 
replications.  
Soil temperature and moisture 
 Soil temperature was measured using WatchDog B-Series Button Loggers (Spectrum 
Technologies, Inc., Aurora, IL). They were launched in the spring, 28 April in 2018 for soybean 
and 27 March in 2019 for both crops, prior to CC termination and continued after row crop 
planting in late May for corn and early June for soybeans. Soil temperature data were collected 
for 83 days. Additionally, weather data were collected for rainfall and air temperature in 2017, 
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2018, and 2019 from the Iowa Environmental Mesonet for Kanawha, Iowa. The average monthly 
temperature was calculated by averaging the high and low daily temperatures. 
Volumetric soil moisture content was measured at a depth of 5 cm using a FieldScout 
TDR 100 Soil Moisture Meter (Spectrum Technologies, Inc, Aurora, IL). Three measurements 
were taken between the rows in each plot and averaged for data presentation. Measurements 
were taken approximately every week from 27 April to 19 June and 24 July for corn and soybean 
in 2018, respectively, and 2 April to 20 September of 2019 for both crops. 
Aboveground and root cover crop biomass measurements 
 Aboveground CC biomass was collected prior to termination using Abundit® Edge 
herbicide (glyphosate). Biomass collection dates were 15 May 2018 and 13 May 2019. 
Aboveground CC biomass was determined by clipping stems at the soil surface from within a 
square frame with an area of 0.2580 m2 randomly placed in each plot twice. CC roots were 
collected by digging up the roots inside the same frame location as the aboveground biomass 
with a hand shovel. All aboveground biomass and roots were collected separately within the 
square, put in labeled paper bags, rinsed with water to remove soil, dried with the bags open at 
60℃ for 48 hours, weighed, and averaged from the two replications for each plot to determine 
dry matter weight per area (Mg ha-1). 
Grain yield measurements 
 Corn and soybean grain yields were collected for all plots. Corn grain yield was 
harvested on 28 September 2018 and 5 November 2019 using a John Deere 9410 Maximizer 
combine (John Deere, Moline, IL) that was modified to measure grain weight before going to the 
storage tank. The combine corn head was a John Deere 443 (John Deere, Moline, IL), which has 
a width of four rows at 76 cm to collect grain from the middle four rows of each plot and record 
19 
the grain moisture. Corn grain yield was corrected to a moisture level of 155 g kg-1. Soybean 
grain yield for V4 was harvested on 30 October 2018 and 30 October 2019 with the same 
combine as the corn with a John Deere 615 Hydraflex head (John Deere, Moline, IL) from all six 
rows planted, and yield was corrected to a moisture level of 130 g kg-1. 
Economic input and returns 
 Farming operation costs were created using data from field operations, the Estimated 
Costs of Crop Production in Iowa reports from the Ag Decision Maker from Iowa State 
University Extension for each year (Plastina 2017; 2018; 2019), and the Net Returns Calculator 
for Cover Crops Terminated with Herbicides for North Central Iowa where CC planting was not 
custom hired and a pre-plant burndown was applied to all treatments (Plastina et al., 2018b). Net 
returns were calculated as the difference between input costs and economic returns. Input costs 
include seed, planting, herbicide, fertilizer, crop insurance, tillage, machinery, labor, and land 
costs. Economic returns were calculated using the harvested grain yields and grain moisture 
content data from the combine multiplied by the average market year price for each crop in each 
year according to the USDA NASS (2020). Additional potential benefits are composed of cost-
share programs available to farmers that plant cover crops. Relative net returns are the difference 
between each tillage and cover crop system from the standard CP–NC plots. 
Statistical analysis 
 Data were analyzed using the statistical analysis procedure PROC MIXED in SAS® 
software version 9.4 (SAS Institute, 2016). Tillage was considered the main treatment and cover 
crop was split within each tillage system and treated as split-plot in complete block design. 
Cover crop biomass data and economic data were analyzed across crop and year. Crop-years 
were analyzed separately for yield, economic input cost, and economic return. Year, tillage 
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treatment, cover crop treatment, and cash crop were all considered fixed variables. PROC 
ANOVA commands were used to evaluate differences among treatments and significance was 
determined at P ≤ 0.05. Standard error was computed within each treatment and year, and this 
number was multiplied by 2 to illustrate the variability in the figures (bars in Fig. 2.5–2.7). 
Results and Discussion 
Soil temperature and moisture 
 We found that soil temperatures in the top 5 cm of soil were higher under CP than NT 
(Fig. 2.3). NT–NC had the lowest soil temperature of all the treatments in 2018 for soybean 
plots, but that trend did not persist in 2019. The greatest differentiation occurred when soil 
temperatures were experiencing maximums. Licht and Al-Kaisi (2005) also found that plowed 
soils reached higher maximum temperatures than NT. These differences were attributed to the 
reflection of solar radiation by residue (Shen et al., 2018). Additionally, soil moisture associated 
with NT was higher than CP (Fig. 2.4). A five-year study reached a similar conclusion when 
measuring soil moisture, finding higher soil moisture in NT than CP (Karlen et al., 1994). These 
differences are associated with differences in evaporation. The negative correlation of soil 
temperature and soil moisture is due to the specific heat capacity, thermal conductivity, and 
energy for evaporation (Shen et al., 2018). Cover crop treatment did not have a strong impact on 
either soil temperature or soil moisture (Fig. 2.4). Similar to the findings of this study, a five-year 
study in Iowa found rye CC had minimal effects on soil temperature (Martinez-Faria et al., 
2016). 
Aboveground and root cover crop biomass measurements 
 Aboveground cover crop biomass of different tillage treatments, cash crops, and years are 
presented in Fig. 2.5 and Table 2.1. In 2019, tillage system had a statistically significant effect on 
winter rye aboveground biomass across cash crops (P = 0.0115). It was observed that CP had a 
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60% higher biomass than NT. The NT can decrease soil temperature by increasing soil moisture 
content (Fig. 2.3 and 2.4, Shen et al., 2018), which could cause the observed difference in 
biomass yield. A study of hairy vetch (Vicia villosa Roth) in Georgia found no difference in 
biomass yield for different tillage treatments (Sainju and Singh, 2001). The effect of cover crop 
on soil moisture and temperature appear to be insignificant. A study in Canada reported 
conflicting results, finding that CC treatments decreased soil moisture and increased spring soil 
temperature (Kahimba et al., 2008). They suggest utilizing CC to reduce excess soil moisture, 
increase soil temperature, and accelerate thawing during the spring. Year also had a significant 
effect on aboveground CC biomass as well (Table 2.1, P = 0.0002), with 2019 outperforming 
2018 by 54%. Row crop effect on aboveground CC biomass was not significant (P = 0.3341), 
despite having a 24-day delay in planting in soybean plots compared to corn. Because the 
difference in CC planting days is greater between the corn and soybean plots in 2019 than the 
corn plots in 2018 and soybean plots in 2019, the difference in planting dates does not account 
for the difference in aboveground biomass between years. The difference in CC biomass between 
the two tillage systems may be attributed to the amount of rainfall experienced in 2017 (Fig. 2.2), 
leading to wet, cool soils (Fig. 2.3 and 2.4) that provided challenges to the CC stand 
establishment and early growth of the cover crop, as noted by Strock et al., (2004) and Krueger 
et al., (2011). Similar difficulties led to failure to establish a vigorous rye CC by Eckert in Ohio 
(1988). Another cause for the difference is the substantially warmer weather in April in 2019 
compared to 2018 (Fig. 2.1). The entire field had been planted in corn residue in 2017, because 
the experiment started in the fall of 2017 with the planting of cover crop. For this reason, Fig. 2.5 
does not have data from 2018 following soybeans. 
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 CC root biomass was collected in 2019. The results are presented in Fig. 2.6 and Table 
2.1. One might expect the root biomass results to mirror the aboveground biomass results, with 
CP performing better than NT for both corn and soybean treatments. However, when nutrient 
supply is not limited, restricted root growth does not necessarily reduce aboveground growth 
(Chen and Weil, 2010). This may explain the results of inconsistent performance of biomass 
(Fig. 2.5) from root biomass yield (Fig. 2.6). CP had 18% higher root biomass than NT (P = 
0.0250), and plots previously planted to soybeans had 42% higher root biomass than that with 
corn (P = 0.0338). Soil moisture is higher in NT plots (Fig. 2.4), which causes lower soil 
temperatures (Fig. 2.3, Munawar et al., 1990). 
Grain yield measurements 
 Corn and soybean grain yield data with different tillage and cover crop treatments are 
presented in Fig. 2.7 and Table 2.1. It was observed that the 2018 soybean (Fig. 2.7B) and 2019 
corn yields (Fig. 2.7C) show no significant differences between tillage treatments (P = 0.0633 
and P = 0.6566, respectively), or cover crop treatments (P = 0.6784 and P = 0.7481, 
respectively). These results contrast with results from a similar study (Al-Kaisi et al., 2015) that 
found a yield decrease in NT compared to conventional tillage in Northern Iowa locations. 
Because of the crop rotation, the 2019 corn plots were planted in the 2018 soybean plots. Cover 
crop had a significant effect on the 2018 corn yield (Fig. 2.7A, P = 0.0335) and the 2019 soybean 
yield (Fig. 2.7D, P = 0.0059), increasing yield by 0.85 Mg ha-1, or 9.7%, and 0.13 Mg ha-1, or 
3.9%, respectively. Research in Minnesota found no decrease in corn yield with winter rye when 
the rye was terminated prior to planting (Krueger et al., 2011), and another study in Maryland 
showed either a positive or neutral effect of winter rye on corn yield (Duiker and Curran, 2005). 
Tillage did not have a significant effect on 2018 corn yield or 2019 soybean yield (P = 0.8984 
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and P = 0.1359, respectively). Although the difference in yield by tillage is greater in the 2018 
soybean yield than the 2019 soybean yield, there was too much variability to establish 
confidence in the yield differences. These results of tillage having no effect on row crop yield are 
consistent with a study by Al-Kaisi et al., (2005) that found no difference in yield between tillage 
systems in corn-soybean rotations at research farms across Iowa over seven years. Al-Kaisi et al., 
(2016) found that for most locations across Iowa, tillage did not have a significant effect on 
soybean yield, though NT did decrease soybean yields in similar soils as the site for this study.  
Economic input and returns 
When making decisions regarding farming practices to incorporate sustainable practices 
into a management system, one of the driving factors is the economic costs and returns on 
investment (Bergtold et al., 2017). Using the Iowa State University Extension Ag Decision Tools 
(Plastina, 2017, 2018, 2019), partial budgets (Plastina et al., 2018b), and on-farm data, we 
analyzed the input costs, economic returns, net returns, and additional financial benefits of the 
different cover crop and tillage systems in this study (Table 2.1 and 2.2). Our results show an 
average $65.39 ha-1, or 5.0%, higher input cost for CP in comparison to NT for each crop-year.  
Economic analyses in corn-soybean rotations in Iowa found a 7.5% and 10.6% higher input cost 
for CT over NT in corn and soybeans, respectively (Al-Kaisi et al., 2015; Al-Kaisi et al., 2016). 
This is caused by an increase in labor cost as well as fixed and variable costs from tillage 
operations (machinery, fuel, repairs, etc.). There is also an average $83.34 ha-1, or 6.4%, higher 
input cost associated with CC compared to NC for each crop-year, driven by additional seed and 
planting costs.  
As the yield data suggest, the economic returns were higher with corn in 2018 and 
soybean in 2019, where CC was used. These returns are a direct function of yield (Returns = 
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Yield*Marketing Price Year Average). An important question is how the different management 
systems affect net returns. The treatments where CC had higher yields than NC did not show 
significantly different returns, which means the gain from yield was similar to the extra cost 
incurred by CC use. When the CC did not improve the yield, the costs of CC created a 
statistically significant loss in net returns (-$88 ha-1 for 2018 soybeans and -$89 ha-1 for 2019 
corn).  
Tillage did not have significant effects on the returns, as there was no significant tillage 
effect on yield. In a study of five locations across Iowa, Al-Kaisi and Yin (2004) found that NT 
systems had equal or greater economic return than other tillage systems. A decrease in input 
costs associated with NT was also found by Al-Kaisi et al. (2015). When tillage negatively 
impacted corn yield, economic returns were also negatively impacted (Al-Kaisi et al., 2016). A 
breakdown of how the net returns of each tillage and cover crop treatment performed relative to 
CP–NC is provided in Fig. 2.8. There were two crop-years where CP–CC did better, and two 
crop-years where CP–CC did worse than CP–NC for an average difference of -$47 ha-1 loss. 
Likewise, NT–CC did better than CP–NC in two crop-years, and worse in two crop-years for an 
average difference of -$11 ha-1 loss. The NT–NC had greater net returns in three crop-years, and 
less in one crop-year for an average difference of $20 ha-1. According to a survey sent out to 
Midwest farmers, cover crops are commonly associated with negative net returns (Plastina et al., 
2018a), although this cited study did not observe an increase in yield following cover crops. This 
matches our results in crop-years where no yield increase was observed. Contrary to the findings 
presented in this study, another study on cover crop economics of surveyed farmers in the 
Midwest found that integrating CC yielded negative annual net returns (Plastina et al., 2020). 
This was driven by lower row crop yields in CC than NC. However, the farmers that did see a 
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yield increase with CC also saw economic benefits with CC. The researchers concluded by 
noting improvements in soil health that farmers believe will eventually translate into higher 
revenues. 
Not included in this analysis are the additional potential economic benefits of cost-share 
programs, which are estimated to be $80.31 ha-1 by the Iowa State University Extension Ag 
Decision Maker. In this study, that amount almost exactly covers the additional input costs of 
cover crop, and creates an average improvement across crop-years in CP–CC and NT–CC 
relative to CP–NC of $34 ha-1 and $70 ha-1, respectively. This inclusion makes each treatment 
produce greater gains than CP–NC. Plastina et al., (2018a) found that only Iowa farmers 
receiving payments from cost-sharing programs received net positive returns from CC use. 
Additional revenue can also be generated from grazing or harvesting the CC biomass, but doing 
so would forfeit some of the soil and environmental benefits of incorporating that biomass into 
the soil. It is documented that increasing CC biomass correlates positively with ecosystem 
benefits (Finney et al., 2016). 
Conclusions 
The results show that CP led to higher CC biomass compared to NT. Additional 
treatment effects can be assigned to the differences in precipitation and temperature between 
years.  Tillage had a greater effect on soil temperature and volumetric soil moisture than cover 
crop treatments. Generally, CP had warmer temperatures and lower soil moisture than NT. This 
finding highlights the concerns about NT in North Central Iowa and the cool, wet soil condition. 
While other studies have shown CC to ameliorate those effects, those results were not replicated 
in this study. However, these environmental factors did not have a significant effect on yield 
because tillage systems show no influence on yield. Rather, the differences in yield were 
observed between CC and NC treatments. Further investigation into the soil temperature in the 
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fall between tillage and cover crop treatments would inform the underlying factors driving the 
differences in cover crop biomass observed here. 
We observed an increase in yield in corn 2018 and soybean 2019 under CC compared to 
NC of 9.7% and 3.9%, respectively. There was no difference in yield in soybean 2018 and corn 
2019. When CC improved yield, the increase in economic returns was large enough to offset the 
costs of CC. When CC had no effect on yield, net returns were significantly lower in CC than 
NC. The economic returns of NT were not significantly different from CP, suggesting that any 
slight increase in yield from tillage was neutralized by the additional input costs associated with 
the practice. The results from this study show that the present financial benefits and additional 
cost-share programs from CC provide sufficient returns for CC to be economically viable in this 
region. 
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Table 2.1. Summary of fixed effects on CC aboveground and root biomass, yield, and net 
returns. 







Crop 0.3341 0.0003 0.0007 0.3139 
Tillage <0.0001 0.0185 0.3225 0.1651 





































Values presented are P values. Statistical significance is established at P ≤ 0.05. These values are 





Table 2.2. Average values for input cost, economic return, net return, and additional potential benefits within each year and cash crop 









Net Return  
($ ha-1) 
Additional Potential 
Benefits* ($ ha-1) 
2018 Corn CP CC 1709 Aa 1370 Aa -339 Aa 80 
NC 1620 Ba 1257 Ba -363 Aa  
NT CC 1640 Ab 1386 Aa -254 Aa 80 
NC 1549 Bb 1255 Ba -294 Aa  
Soybeans CP CC 1153 Aa 954 Aa -199 Ba 80 
NC 1076 Ba 988 Aa -87 Aa  
NT CC 1096 Ab 884 Aa -213 Ba 80 
NC 1018 Bb 869 Aa -150 Aa  
2019 Corn CP CC 1664 Aa 1670 Aa 6 Ba 80 
NC 1584 Ba 1693 Aa 109 Aa  
NT CC 1601 Ab 1667 Aa 66 Ba 80 
NC 1518 Bb 1660 Aa 142 Aa  
Soybeans CP CC 1162 Aa 1179 Aa 17 Aa 80 
NC 1078 Ba 1091 Ba 13 Aa  
NT CC 1091 Ab 1121 Aa 30 Aa 80 
NC 1008 Bb 1063 Ba 55 Aa  
Upper case letters are used for comparing cover crop treatments within each tillage system. Lower case letters are used for comparing 
each cover crop treatment across tillage systems. Treatment means with the same letter are not significantly different at P ≤ 0.05. (NT 
= no-till; CP = chisel plow; CC = cover crop; NC = no cover crop). 
*Additional potential benefits represent cost share payment through USDA government programs for planting a cover crop, estimated 














































































Figure 2.3. Maximum daily soil temperature of air and soil at 5 cm depth of each treatment for 
each row crop (A – Corn and B – Soybean) over time in 2018 and 2019. (CP = chisel plow; NT 




Figure 2.4. Volumetric soil moisture at 5 cm depth of each treatment for each row crop (A – 
Corn, B – Soybean) over time in 2018 and 2019 (CP = chisel plow; NT = no-till; NC = no cover 




Figure 2.5. Average winter rye aboveground biomass in different tillage systems, cash crops, and 
years. Crops were the cash crop preceding the cover crop planting. Year is the year in which the 
cover crop was harvested. Treatment means with the same letters within each year and crop are 

















































































Figure 2.6. Average winter rye root biomass for cover crop harvested in 2019 for different crops 
and tillage treatments. Crops were the cash crop preceding the cover crop planting. Treatment 
means with the same letters across crops are not significantly different at P ≤ 0.05 (NT = no-till; 






Figure 2.7. Corn and soybean yield in 2018 and 2019 (A – 2018 Corn following Corn, B – 2018 
Soybean following Corn, C – 2019 Corn following Soybean, D – 2019 Soybean following Corn). 
Upper case letters are used for comparing cover crop treatments within each tillage system. 
Lower case letters are used for comparing each cover crop treatment between tillage systems. 
Treatment means with the same letter are not significantly different at P ≤ 0.05. (NT = no-till; 





Figure 2.8. Average net returns for corn and soybean yield in 2018 and 2019 under different 
tillage and winter rye cover crop treatments relative to CP with NC (A – 2018 Corn following 
Corn, B – 2018 Soybean following Corn, C – 2019 Corn following Soybean, D – 2019 Soybean 
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Abstract 
Managing soil organic carbon (SOC) is critical to maintaining healthy soils and 
productivity. However, SOC loss can be accelerated through agricultural management practices 
such as tillage. Conservation practices such as no-till (NT) and cover crops (CC) have been 
recommended to reverse these changes and protect the soil. SOC is impacted by a variety of soil 
processes. Significant differences in SOC can be difficult to detect, so indicators have been 
developed to be more sensitive and responsive in elucidating SOC change to management 
practices. This study investigates the response of these soil chemical and biological indicators 
and water quality in a split-split plot design with tillage as the main treatment and cover crop as 
the subtreatment in a corn (Zea mays L.) – soybean [Glycine max (L.) Merr.] rotation. Cover 
crop treatments were no cover crop (NC) and a winter rye (Secale cereal L.) cover crop (CC). 
Tillage treatments were chisel plow (CP) and no-till (NT). Each treatment combination was 
executed in this 2x2 complete factorial design.  
The objective of this study was to evaluate the effects of these treatments on soil total 
carbon (TC), microbial biomass carbon (MBC), soil pH, soil nitrate-nitrogen (NO3-N), water 
NO3-N, and correlations between these indicators. Stable C pools were unresponsive to the 
treatments, but MBC was increased with NT in corn and CP–CC in soybeans in the spring of 
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2019. NT and CC also decreased the amount of NO3-N in the soil and in water collected from 
lysimeters in the spring when it is susceptible to leaching. Additionally, tillage treatments were 
used to evaluate the residue decomposition of three soybean varieties with different carbon (C): 
nitrogen (N) ratios. While they ultimately did not have significant differences in C:N ratios at the 
time of the experiment, the soybean plants in NT decomposed at a faster rate than that in CP. 
Overall, MBC and water quality improved with conservation practices, while other parameters 
were not affected by the treatments. 
Introduction 
The climate conditions coupled with the soils in the Midwest United States make this 
region highly productive. One such characteristic of these highly productive Mollisols is the rich 
organic matter content. More specifically, soil organic carbon (SOC) is a crucial component of 
soil health, function, and productivity (West and Post, 2002). However, agricultural management 
practices can impact the ability of soil to store SOC (Stavi et al., 2016, Schlesinger, 1986). 
Management practices can serve to either increase or decrease SOC (West and Post, 2002).  
Studies have shown that tillage intensity is such a factor, reducing soil carbon (C) by 30-
60% (Al-Kaisi et al., 2005; Kucharik et al., 2001; Potter et al., 1999; Schlesinger, 1986). 
Regional climate, soil type, crop rotation, and fertilization rates can also influence soil chemical 
properties (Al-Kaisi et al., 2005; Reeves and Liebig, 2016). Practices such as no-till (NT) and 
winter cover crops (CC) have been proposed to protect against such trends while maintaining 
productivity (Kucharik et al., 2001; West and Post, 2002). Soils have the capacity to sequester 
carbon (C) and recover organic matter through such conservation practices (Al-Kaisi et al., 2005; 
West and Post, 2002), which improves soil health (Al-Kaisi et al., 2020). NT may have an 
additive effect with CC use (Nunes et al., 2018), warranting the study of these factors 
simultaneously. Substantial change may take years to detect due to the influence of climate, 
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cropping system, heterogeneity within a field, and other factors (Al-Kaisi et al., 2005; Goidts et 
al., 2009).  
Soil health indicators have been identified to evaluate the effectiveness of sustainable 
agricultural practices. These indicators cover a spectrum of soil properties. Soil biological, 
chemical, and physical soil health properties all provide insight into soil health (Zuber et al., 
2017). Effective indicators should be responsive to management and should provide insight into 
soil processes (Doran and Zeiss, 2000), but this sensitivity introduces high spatial and temporal 
variability (Zuber and Villamil, 2016). Soil organic carbon (SOC), total nitrogen (TN), soil pH, 
and microbial biomass carbon (MBC) have been identified as soil health indicators (Zuber et al., 
2017; Allison et al., 2005; Wander and Bollero, 1999). These indicators are largely driven by the 
effect of management practices on nutrient cycling, namely C. Due to stratification caused by 
tillage, most differences occur near the soil surface (Zuber et al., 2017; Zuber et al., 2015).  
 Studies show that incorporating CC into a row crop rotation increase soil C (Poeplau and 
Don, 2015; McDaniel et al., 2014a). The benefit of additional C and nitrogen (N) from CC 
biomass is short-lived and must be used each year to effectively build soil C (Austin et al., 2017). 
 Tillage and crop rotation have been shown to alter soil microbial communities through 
differences in soil disturbance and residue returned to the soil (Allison et al., 2005; McDaniel et 
al., 2014b). This sensitivity provides the opportunity to observe the impact on soil health of 
introducing a CC into a corn (Zea mays L.) – soybean (Glycine max [L.] Merr.) rotation. 
Another important management-affected chemical property to monitor is soil pH. The 
availability of some nutrients to the plant is determined by soil pH. Studies show that pH is 
dependent upon soil organic matter (SOM) content (Vanzolini et al., 2017). With the previously 
mentioned effect of CC and tillage on SOM, investigating the magnitude of this effect on soil pH 
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is necessary. A study in Nebraska showed after 27 years, tillage treatments exhibited differences 
in soil pH at different depths, and the researchers attributed the differences to the distribution of 
fertilizer by tillage (Tarkalson et al., 2006).  
Soil N is critical to sustain agricultural production and is sensitive to tillage. Soils under 
row crop production have lower TN than restored prairie (Allison et al., 2005). A study in Iowa 
found that NT resulted in greater total N than CP after seven years in many soil associations due 
to lower mineralization rates of SOM and occurred mostly in the top 15 cm (Al-Kaisi et al., 
2005).  
One central focus of conservation agriculture in the Midwest United States is reducing 
the nitrate-nitrogen (NO3-N) loss to lakes and rivers. CC in high-input management systems can 
positively affect the environmental outcome of the system (Kaspar and Singer, 2011; Kaspar et 
al., 2007). NO3-N leaching decreased as winter rye (Secale cereale L.) biomass increased in a 
study that modeled weather data for 25 years (Marcillo et al., 2019). Winter rye CC decreased 
NO3-N losses by 20% in a 5-year study in Iowa (Martinez-Faria et al., 2016), and reduced NO3-
N concentration from tile-drained water by 59% (Kaspar et al., 2007). 
The combination of tillage and cover crop, but especially tillage, can influence residue 
decomposition due to changes in soil temperature and moisture (Al-Kaisi et al., 2017). Residue 
decomposition is accelerated with tillage, as it delivers the substrate directly to the decomposers. 
Plant residue composition influences the rate of decomposition (Al-Kaisi et al., 2017). 
 Previous studies of these indicators have observed relationships between indicators. SOM 
has been shown to be positively correlated with pH (Vanzolini et al., 2017). Soil C, N and MBC 
have also been shown to increase under diverse crop rotations (McDaniel et al., 2014a; McDaniel 
et al., 2016). A long-term study of CC use in continuous corn cropping in New York found 
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increases in SOC, WSA, and total N associated with CC (Nunes et al., 2018). SOC, infiltration 
rate (Ir), and WSA have been shown to be positively correlated (Guzman and Al-Kaisi, 2011). 
Further discussion and investigation of soil physical properties can be found in Chapter 4. 
The objective of this study was to evaluate different soil biological and chemical 
indicators as influenced by tillage and cover crop treatments during the first two years of these 
practices. Because stratification due to an absence of tillage causes most differences to be 
observed near the soil surface, the results presented in this study are from measurements in the 
top 15 cm of the soil. Correlations were also investigated to identify indicators that followed 
similar trends. Another objective of this study was to evaluate the residue decomposition of three 
soybean varieties as affected by C:N ratio and tillage system. 
Research Question 3a: What are the short-term effects of cover crops and tillage system 
on soil biological and chemical properties? 
Research Question 3b: What are the short-term effects of cover crops and tillage system 
on water quality? 
 Research Question 3c: How does tillage system and residue quality affect soybean 
residue decomposition? 
We hypothesized that utilizing conservation practices would create a positive trend in 
improving soil chemical and biological health indicators and water quality, and high-quality 
soybean residue would decompose faster than low-quality residue. 
Materials and Methods 
Experimental site and treatments 
This experiment was established in the fall of 2017 on a Nicollet clay loam (Fine-loamy, 
mixed, superactive, mesic Aquic Hapludolls), Webster clay loam (Fine-loamy, mixed, 
superactive, mesic Typic Endoaquolls), and Clarion loam (Fine-loamy, mixed, superactive, 
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mesic Typic Hapludolls) soil association at the Iowa State University Northern Research Farm in 
Kanawha, Iowa (42.937°N; 93.802°W). Before the experiment was established, the entire site 
was in a traditional corn–soybean rotation. The field was strip tilled for three years leading up to 
the establishment of this study, and chisel plowed before that. The site was split into two halves 
for this study. One half was kept in corn and the second half was planted with soybean. The corn 
half of the site was treated as continuous corn in 2018. Liquid urea-ammonium nitrate 32% N 
(UAN) was broadcast on 28 April 2018 with a Hagie 280 self-propelled sprayer with an 18-m 
boom (Hagie, Clarion, IA) using agronomic rates of 190 kg ha-1. On 18 June 2018, the corn plots 
received additional UAN side-dressed at 60 kg N ha-1 with a John Deere 6105R tractor (John 
Deere, Moline, IL) and custom side-dress bar where the knife places the UAN 5-8 cm below the 
surface. Following a two-year application schedule, phosphorus and potassium fertilizer were 
applied in the fall of 2018 with a 6105R John Deere (John Deere, Moline, IL) and a Valmar 
spreader (Salford, Inc., Osceola, IA) at rates of 250 kg ha-1 of monoammonium phosphate (MAP, 
11-52-0) and 270 kg ha-1 for soybean plots and 400 kg ha-1 for corn plots of potash (0-0-60) to 
maintain optimum fertility for both corn and soybeans.  
Weather data were collected from the Iowa Mesonet for rainfall and air temperature in 
2017, 2018, and 2019 for the weather station in Kanawha, Iowa. Average monthly temperature 
was calculated by averaging the high and low daily temperatures. In 2018 and 2019, the average 
annual temperature was 7.08 ℃ and 6.69 ℃, respectively, and the annual precipitation was 1266 
mm and 1062 mm, respectively (Fig. 2.1 and 2.2).  
The site for each crop consisted of two tillage systems; no-till (NT) and chisel plow (CP), 
which represent the main treatment. The CP was conducted followed by disc in the fall after 
harvest and prior to CC seeding (winter rye). The CP was implemented to a depth of 15 cm with 
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a John Deere 714 (Moline, IL) with an added row of concave disc blades to chop up residue. 
Disc treatment was implemented in the spring with a Kewanee 1020 (this model is no longer 
available in the marked), a tandem disc with concave blades in two rows offset at an angle that 
works the soil to a depth of 10 cm. Spring tillage was executed after CC termination to a depth of 
10 cm with a John Deere 726 soil finisher (John Deere, Moline, IL), which is similar to a field 
cultivator but with an added row of concave disc blades in the front. The NT system had no soil 
disturbance except during seed planting, CC seeding, and side-dress N fertilizer application. 
The cover crop treatments consisted of no cover crop (NC), in which no cover crop was 
planted, and cover crop (CC), in which winter rye was seeded at 90 kg ha-1 for each tillage 
treatment and crop-year using a John Deere 1560 no-till drill (John Deere, Moline, IL). The CC 
was planted on 8 November 2017 for all CC plots, 23 October 2018 in CC plots previously 
planted with corn, and 16 November 2018 in CC plots previously planted with soybeans. Due to 
different row crop harvest dates, CC was not planted in all plots on the same date in 2018. In 
2018, CC was terminated using Abundit® Edge herbicide (glyphosate) on 17 May in plots 
previously planted with soybeans and 4 June in plots previously planted with corn. The CC was 
terminated in 2019 with Abundit® Edge herbicide (glyphosate) on 13 May. Glyphosate was 
applied at a rate of 79 oz ha-1 with a John Deere 6105R tractor (John Deere, Moline, IL) and a 
Century 300 3-point sprayer.  
The site was planted at a seeding density of 86,500 seeds ha-1 for corn (Dekalb 49-72 in 
2018 and Becks 5140 in 2019) and 330,000 seeds ha-1 in 2018 and 371,000 seeds ha-1 in 2019 for 
soybeans. The planter used was a John Deere 1705 planter (John Deere, Moline, IL). Four 
different soybean varieties were planted that include three experimental varieties that were used 
to only evaluate the soybean decomposition with different C:N ratios in the field. Six rows of 
47 
 
each variety were planted in each plot. The three experimental varieties (V1, V2, and V3) are not 
commercially available.  The fourth traditional variety (V4) is commercially available (Pioneer, 
22T69R), and was not collected for the soybean residue decomposition study. 
Treatments were established to monitor the effects of cover crop and tillage systems on 
CC C and N concentrations, soil total carbon (TC), soil microbial biomass carbon (MBC), 
gravimetric water content (GWC), soil pH, soil nitrate-N (NO3-N), and water quality in a split-
split plot design with tillage as the main treatment and cover crop as the sub-treatment with three 
replications in a corn-soybean rotation, where both crops were grown in both years. The 
dimensions of each plot were 18.3 m wide by 30.5 m long with 9.1 m separating corn and 
soybean sites and 18.3 m between replications. 
Cover crop biomass measurements 
 Aboveground and root CC biomass was collected prior to termination using glyphosate 
herbicide. Biomass collection dates were 15 May 2018 and 13 May 2019. Aboveground biomass 
was collected by clipping stems at the soil surface from within a square frame with an area of 
0.2580 m2 randomly placed in each plot twice. Roots were collected by digging up the roots 
inside the same frame location as the aboveground biomass with a hand shovel. All aboveground 
biomass and roots were collected separately within the square, put in labeled paper bags, rinsed 
with water to remove soil, dried with the bags open at 60℃ for 48 hours, weighed, and averaged 
from the two replications for each plot to determine dry matter weight per area (Mg ha-1). 
 To determine CC C and N content contribution to the soil C and N pools, the same 
samples were ground using a Coffee blade grinder with chamber maid cleaning system (Mr. 
Coffee, Cleveland, OH). Samples were then sent to Ward Laboratories to determine the total C 




Soil samples were collected from each treatment in the fall of 2017, and the spring and 
fall of both 2018 and 2019. The soil samples for TC, pH, and NO3-N were collected using soil 
probes with a diameter of 2 cm to a depth of 15 cm. Eight cores were taken from each plot and 
composited. Samples were then air dried until they were dry enough to sieve through a 2-mm 
sieve. Soil pH was measured with a 1:1 soil to deionized water ratio on an Accumet AR15 pH 
meter (Thermo Fisher Scientific, Waltham, MA). Soil TC was measured using a dry combustion 
method by Ward Laboratories, Inc (Ward Laboratories, Inc., Kearney, NE). Soil inorganic N-
NO3 was analyzed using the single-reagent method (vanadium III, sulfanilamide and N-(1-
napthyl)-ethylenediamine dihydrochloride) procedure outlined by Doane and Horwath (2003) 
and read on a Synergy HTX Multi-Mode Reader (BioTek, Winooski, VT). Soil microbial 
biomass carbon (MBC) samples were collecting using a golf course hole-cutter with a diameter 
of 10.5 cm to a depth of 15 cm. Two cores were collected per plot from each replication and 
sieved through a 4-mm sieve. MBC was extracted from five grams of field moist soil and 
measured using the chloroform fumigation-extraction method (Vance et al., 1987) as modified 
by Scott-Denton et al. (2006) and McDaniel et al. (2014a), and read with a Shimadzu TOC-L 
(Shimadzu Scientific Instruments, Inc., Columbia, MD). Gravimetric water content (GWC) was 
calculated in the MBC procedure to correct for moisture content and used as an indicator itself. 
Procedures used to collect and measure water infiltration rate (Ir), water stable aggregates 





Water quality was monitored by installing in each plot a PVC lysimeter tube with a 
ceramic cup on the bottom to a depth of 60 cm in the fall, after the CC was seeded. The tubes 
had rubber stoppers on top to keep residue, soil, and water from entering in. Negative pressure 
was applied inside the tube when collection was not taking place. Water was collected from the 
tubes weekly and after each rain event during the spring with a vacuum pump and stored at 4 ℃ 
until analysis. Samples were analyzed for the inorganic N-NO3 concentration using the single-
reagent method (vanadium III, sulfanilamide and N-(1-napthyl)-ethylenediamine 
dihydrochloride) procedure outlined by Doane and Horwath (2003) and for inorganic N-
ammonium (NH4) concentration using the salicylate and ammonia cyanurate reagent packets 
(Hach Company, Loveland, CO) procedure outlined by Sinsabaugh et al., (2000) and read on a 
Synergy HTX Multi-Mode Reader (BioTek, Winooski, VT). 
Soybean residue decomposition 
Three soybean varieties with different C:N ratios (V1, C:N = 47:1; V2, C:N = 38:1; V3, 
C:N = 29:1) were used to evaluate the decomposition rates in different tillage systems. Soybean 
aboveground biomass of each variety was cut at the early flowering stage on August 1, 2019. 
Approximately one hundred grams were weighed, placed in a red mesh polypropylene bag, and 
put back in the field between rows. This process was replicated ten times for each variety in each 
tillage treatment without CC to observe the effect of tillage and C:N ratio on the residue 
decomposition rate. The baseline samples were not placed in the field but were brought back to 
the lab, dried in an oven for three days at 60 ℃, and weighed to determine initial dry weight and 
percent moisture. The dry weight percentage of the baseline was used to calculate initial dry 
weight of all plants. As with the baseline samples, all other samples were brought back on their 
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assigned dates, dried for three days at 60 ℃, and weighed to determine final dry weight. Bags 
were collected at the following intervals: 0-, 1-, 2-, 3-, 4-, 6-, 8-, 10-, 12-, and 14-weeks. The 
final dry weight was divided by the calculated initial dry weight to produce the percent of 
soybean residue remaining. These data were then used to create non-linear models to evaluate 
the effect of C:N variety’s ratio and tillage treatment on SRD rates. The model used to describe 
the process of residue decomposition is the following exponential plateau model: 
𝑌 = 𝑎ⅇ𝑐𝑥
𝑌 = 𝑎ⅇ𝑐xs





Y = Percent residue remaining after x days, 
a = the value of Y at x = 0, 
c = exponential rate constant, 
x = days of decomposition, and 
xs = the break-point at which the plateau starts. 
The soybean plants collected on the first week were ground using a Coffee blade grinder 
with chamber maid cleaning system (Mr. Coffee, Cleveland, Oh). Samples were then sent to 
Ward Laboratories to determine the total C and total N by dry combustion method (Ward 
Laboratories, Inc., Kearney, NE). This was to evaluate the C:N ratios as reported by the provider.  
Statistical analysis 
Data were analyzed using the statistical analysis procedure PROC MIXED in SAS® 
software version 9.4 (SAS Institute, 2016). Tillage was considered the main treatment and cover 
crop treatment was split within each tillage system and treated as a split-plot in a complete block 
design. CC biomass data were analyzed across crop. Data were divided by crop and date and 
analyzed separately for MBC, soil TC, pH, and soil N-NO3. Year, tillage treatment, cover crop 
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treatment, and row crop were all considered fixed variables. Two-way ANOVA procedures were 
used to evaluate differences among treatments and significance was determined at P ≤ 0.05. 
Standard error was computed within each treatment and year, and this number was multiplied by 
2 to illustrate the variability in both the positive and negative direction (bars in Fig. 3.1, 3.2, 3.4, 
and 3.5). Since MBC had greater variability over time, this trait was analyzed by treating each 
treatment combination as discrete, independent treatments to calculate a single LSD at each date 
for each crop. SRD data were fitted to an exponential plateau model and the predictions were 
analyzed for tillage and variety effects. Pearson correlations were created to establish 
relationships between yield, soil TC, pH, MBC, MWD, GWC, and Ir using 2019 fall data from 
NT observations. Separate tables were created for each row crop and cover crop treatment. 
Soybean residue decomposition was modeled using an exponential plateau model in the “nlraa” 
package (Miguez, 2020) in R (R Core Team, 2020). 
Results and Discussion 
Cover crop biomass carbon and nitrogen input 
The results of CC carbon and nitrogen (N) concentrations, and C:N ratio of root and 
aboveground biomass (Table 3.1) all fall within the ranges presented in a five year study in 
Central Iowa (Martinez-Faria et al., 2016). The CC total biomass was between 1.4 and 2.4 Mg 
ha-1, CC aboveground biomass was between 0.59 and 1.35 Mg ha-1 (Fig. 2.5) , and CC root 
biomass was between 0.70 and 1.16 Mg ha-1 (Fig. 2.6), and. Aboveground CC %C, %N, and C:N 
ratio averaged 43.7.1%, 3.7%, and 13.3, respectively. Root CC %C, %N, and C:N ratio averaged 
30.8%, 1.5%, and 22.0%, respectively.  
Soil carbon 
In this study, tillage and cover crop treatment generally had no significant effects on soil 
health indicators (Table 3.2). Inconsistency of results in total SOC may be due to short time of 
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this study, spatial variability within the field, and lack of sensitivity (Goidts et al., 2009; Yu et 
al., 2018). Results from a meta-analysis show that replacing conventional tillage with NT can 
sequester C, although there may be a delayed response of approximately three years (West and 
Post, 2002). They also found that enhancing the crop rotation resulted in a quick response, with 
the largest SOC increases occurring in the first years.   
Due to the small inputs of C from CC (Fig. 3.1), our results of total soil C show no 
difference between CC treatments (Fig. 3.2). Not only were there no differences between 
treatments within each crop and date, but the total soil C was steady across time and rotation as 
well. A study in northern Iowa found an average SOC gain of 0.33 Mg ha-1 yr-1 over 12 years 
with NT and an average loss of -0.34 Mg ha-1 yr-1 with CP in a corn-soybean rotation (Al-Kaisi 
and Kwaw-Mensah, 2020). Considering the additional C applied to the soil from CC residue 
(Fig. 3.1), most of the C from CC would be lost and require replenishment annually to 
accumulate C (Austin et al., 2017). Changes in soil C as influenced by CC and NT require much 
more time than two years to be detectable. 
Soil microbial biomass carbon 
Our results show that tillage (P = 0.8705) and cover crop (P = 0.3995) treatments did not 
have a significant effect on MBC across all dates and row crops (Table 3.2 and Fig. 3.3). The 
MBC was affected by the crop*date interaction (P = 0.0001). For this reason, crop and date 
combinations were analyzed individually to determine if tillage and cover crop treatment had 
significant effects within each crop*date interaction. Each treatment combination was analyzed 
as distinct treatments to provide one LSD value for each crop*date. In the fall of 2019 in corn, 
NT–NC had significantly greater MBC than CP–NC. The NT–CC and CP–CC did not differ 
significantly from any treatment. In the fall of 2019 in soybeans, CP–CC had significantly 
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greater MBC than CP–NC and NT–CC. The LSD groups overlapped with NT–NC. Since MBC 
is a measurement of an active C pool, it is not unexpected that we observed differences after two 
years of establishing the study. Zuber and Villamil (2016) found that tillage influenced MBC, but 
only with certain tillage intensities, namely moldboard and disk. They observed no difference 
between NT and CP, and suggested there are unidentified factors that increase the variability in 
this measurement. A meta-analysis by McDaniel et al. (2014a) found a 20% increase in MBC 
when crop rotations were diversified. 
Soil pH 
There were a few significant differences in soil pH through the duration of this study 
(Table 3.2). In the spring of 2019, CC had a lower soil pH than NC in corn, and CC had a higher 
soil pH than NC in soybean (Fig. 3.4). Soil pH can be related to residual effects of fertilizers 
(Allison et al., 2005; Zuber et al., 2017). The effects observed in the spring of 2019 could be 
associated with the application of MAP and potash in the fall of 2018. For all other timepoints, 
there was no difference in soil pH between treatments. The largely insignificant effect of tillage 
on soil pH observed over the course of this study agrees with what has been observed in recent 
studies (Vanzolini et al., 2017; Reeves and Liebig, 2016). Differences in pH dependent upon 
tillage treatments take much longer than the duration of this study to be significant. A study in 
Nebraska found no difference in soil pH between NT and conventional tillage after 14 years but 
reported an effect after 27 years (Tarkalson et al., 2006). 
Soil nitrate 
Results in Fig. 3.5 and Table 3.2 show the effect of tillage and cover crop treatments on 
soil NO3-N. The only significant difference was in soybean plots in the spring of 2019, where 
NC had 16% higher soil nitrate than CC treatment. This general lack of significance is reflected 
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in findings from Al-Kaisi et al. (2005), who found no difference in soil N after five years This 
effect would likely be even smaller after two years of conservation agriculture practices, and 
such a small difference would be undetectable, as results from this study show (Fig. 3.5). A 
moderate intensity and integrated management systems like the ones from this study are 
expected to provide sustainability to soil and environmental health while sustaining crop 
production (Stavi et al., 2016). 
Pearson correlations of soil health indicators 
Statistical significance was difficult to establish in correlations between parameters due 
to the short-term nature of this study. It is expected that NT would provide greater differences 
between the cover crop treatments, as well as data collected at the end of the study. To focus on 
these effects, only parameters from NT data in 2019 were analyzed. The hypothesis is that 
differences in a soil parameter between treatments will be more evident the longer the treatments 
have been applied. The one exception is Ir, which was only collected in soybean plots in 2018.  
Each treatment had at least five strong correlations (> 0.8 or < -0.8, Fig. 3.6). The most 
frequent strong correlation among the treatments was between GWC and TC, with strong 
correlations in all three treatments except for corn–NC. Two of the treatments, soybean–CC and 
soybean–NC, reported negative correlations (-0.998 and -0.987, respectively), and one treatment 
(corn–CC) reported a positive correlation (0.9883). GWC and MBC exhibited similar trends. A 
strong correlation occurred in all treatments except for soybean–NC. However, two of the 
treatments, corn–CC and corn–NC, reported positive correlations (0.9556 and 0.9903, 
respectively), and one treatment, soybean–CC, reported a negative correlation (-0.958). Ir also 
correlated with pH in both soybean–CC and soybean–NC (1.000 and 0.925, respectively). 
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When a correlation just above the < -0.80 criteria of -0.7996 is included, a correlation 
between MWD and pH is observed in corn–CC, corn–NC, and soybean–NC (-0.9781, -0.7996, 
and -0.995, respectively). In both corn– and soybean–CC treatments, MBC was positively 
correlated with TC. Further analysis of the composition of individual soil fractions may explain 
the mechanisms underlying these correlations. Other studies have shown correlations between C 
pools and N (McDaniel et al., 2014a; McDaniel et al., 2016), and correlations between C pools 
and physical indicators (Guzman and Al-Kaisi, 2011).  
Correlations with soil health parameters and crop yield is of great interest. We observed 
strong correlations between yield and pH in all treatments except soybean–NC. Yield was 
negatively correlated with pH in corn–CC (-0.9769) and corn–NC (-0.7440), and positively 
correlated in soybean–CC (0.919). Yield and TC were positively correlated in corn–NC (0.7508) 
and soybean–NC (0.813). Additionally, yield was positively correlated with MWD in corn–CC 
(0.9110) and with Ir in soy–CC (0.927). Nunes et al. (2018), also observed a negative correlation 
between yield and pH in New York, but only in certain soil associations. More data points are 
necessary to further identify and understand the correlations between these soil health 
parameters. 
Water quality 
Winter rye has been shown to reduce water NO3-N by 25-60% (Marcillo et al., 2019, 
Kaspar et al., 2007). Due to the quantity and nature of the lysimeters used in this study, we were 
unable to collect enough samples in each treatment over time to make definitive statistical 
observations. Therefore, the results presented here will be focused on observational aspects of 
the data. The effectiveness of CC to reduce water NO3-N has been investigated quantitatively in 
other studies (Marcillo et al., 2019, Kaspar et al., 2007). Here, the CP–NC treatment routinely 
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had the highest NO3-N concentration among the treatments (Fig. 3.7). There were only four 
points among each year and row crop where CC had a higher NO3-N concentration than NC 
within a tillage treatment, and each of those points were composed of one observation. The 
general trend was for the NO3-N concentration to decrease through the growing season. This is 
likely due to the row crop utilizing the NO3-N before it was leached. These results serve to 
confirm the concept of CC removing NO3-N from soil in the spring, reducing the NO3-N 
leaching to groundwater. 
Soybean residue decomposition 
The reported C:N ratios for these three varieties were: V1 = 47:1, V2 = 38:1, and V3 = 
29:1. However, the C:N ratio did not have a significant effect on soybean residue decomposition 
(Fig. 3.8). This is because there were no significant differences in %C, %N, or C:N ratio between 
the three varieties based on our analysis (Table 3.1). This lack of differences in C:N ratios may 
be due to timing of sampling at the end of the season vs early sampling at flowering in August in 
this study (Race Higgins, personal communication). Dry weight and nutrient partitioning are 
dynamic through soybean development (Bender et al., 2015), so the timing of cutting the 
soybean plants may explain the lack of differences between varieties. Residue decomposition 
requires optimal soil temperature and soil moisture (Al-Kaisi et al., 2017), which were affected 
by tillage (Fig. 2.3 and 2.4). Since we observed higher soil moisture in NT plots, we expect this 
mechanism along with undisturbed microbial communities led to the difference in decomposition 
rates (Table 3.3). Further research into how soybean residue decomposes at the end of the 
growing season may provide more information on the effect of soybean C:N ratio and tillage 
practices on residue decomposition. This experiment could also be done in plots with CC in the 
rotation to observe the effects CC has on soybean residue decomposition. Since winter rye has 
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minor effects on soil temperature (Fig. 3.13, Martinez-Faria et al., 2016), observed differences 
could provide insight into microbial decomposition soil processes. 
Conclusions 
Results from this study show that changes in soil biological and chemical indicators due 
to tillage and cover crop treatments were insignificant in the short-term (2-yr). Soil TC was not 
responsive to the treatments in either row crop for each soil sampling date, even with greater 
inputs from CC C in CP than NT tillage treatments. MBC, which measures the size of a more 
active C pool, resulted in greater C in NT compared to CP in corn plots, and an increase in CP–
CC than the other treatments in soybeans in the spring of 2019. 
The CC decreased the amount of soil NO3-N compared to NC in the spring, when it is 
most susceptible to leaching. Additionally, water NO3-N concentration collected from lysimeter 
tubes was significantly lower in NT compared to CP. The effectiveness of these practices in 
keeping N in the field and protecting the environment provide incentive for adoption of these 
practices. 
The C:N ratio of the soybean varieties were not statistically significantly different, and 
residue decomposition rate was the same for all varieties. However, decomposition was 
increased under NT compared to CP. This difference is likely driven by the higher soil moisture 
in NT plots. Overall, MBC and water quality improved with conservation practices, while other 
parameters were not affected by the treatments. 
References 
Al-Kaisi, M.M., Kwaw-Mensah, D. 2020. Quantifying soil carbon change in a long-term tillage 
and crop rotation study across Iowa landscapes. Soil Science Society of America Journal 
84(1) 1-21. https://doi.org/10.1002/saj2.20003.  
 
Al-Kaisi, M.M., Kwaw-Mensah, D., Ci, E. 2017. Effect of nitrogen fertilizer application on corn 




Al-Kaisi, M.M., Yin, X., Licht, M.A. 2005. Soil carbon and nitrogen changes as influenced by 
tillage and cropping systems in some Iowa soils. Agriculture, Ecosystems, & 
Environment 105(4), 635-647. https://doi.org/10.1016/j.agee.2004.08.002. 
 
Allison, V.J., Miller, R.M., Jastrow, J.D., Matamala, R., Zak, D.R. 2005. Changes in soil 
microbial community structure in a tallgrass prairie chronosequence. Soil Science Society 
of America Journal 69(5), 1412-1421. https://doi.org/10.2136/sssaj2004.0252.  
 
Austin, E.E., Wickings, K., McDaniel, M.M., Robertson, G.P., Grandy, A.S. 2017. Cover crop 
root contributions to soil carbon in a no-till corn bioenergy cropping system. Global 
Change Biology Bioenergy 9(7), 1252-1263. 
 
Bender, R.R., Haegele, J.W., Below, F.E. 2015. Nutrient uptake, partitioning, and remobilization 
in modern soybean varieties. Agronomy Journal 107(2), 563-573. 
https://doi.org/10.2134/agronj14.0435. 
 
Doane, T.A., Horwath, W.R. 2003. Spectrophotometric determination of nitrate with a single 
reagent. Analytical Letters 36(12):2713-2722. https://doi.org/10.1081/AL-120024647. 
 
Doran, J.W., Zeiss, M.R. 2000. Soil health and sustainability: managing the biotic component of 
soil quality. Applied Soil Ecology 15(1):3-11. https://doi.org/10.1016/S0929-
1393(00)00067-6.  
 
Goidts, E., Van Wesemael, B., Crucifix, M. 2009. Magnitude and sources of uncertainties in soil 
organic carbon (SOC) stock assessments at various scales. European Journal of Soil 
Science 60(5), 723-739. https://doi.org/10.1111/j.1365-2389.2009.01157.x.  
 
Guzman, J.G., Al-Kaisi, M.M. 2011. Landscape position effect on selected soil physical 
properties of reconstructed prairies in southcentral Iowa. Journal of Soil and Water 
Conservation. 66(3): 183-191. https://doi.org/10.2489/jswc.66.3.183.  
 
Kaspar, T.C., Jaynes, D.B., Parkin, T.B., Moorman, T.B. 2007. Rye cover crop and gamagrass 
strip effects on NO3 concentration and load in tile drainage. Journal of Environmental 
Quality, 36 (5), 1503-1511. https://doi.org/10.2134/jeq2006.0468.  
 
Kaspar, T.C., Singer, J.W. 2011. The use of cover crops to manage soil. J. Hatfield, T. Sauer 
(Eds.), Soil Management: Building a Stable Base for Agriculture, Amer Soc Agronomy, 
Madison, WI, pp. 321-338. https://doi.org/10.2136/2011.soilmanagement.c21. 
 
Kucharik, C.J., Brye, K.R., Norman, J.M., Foley, J.A., Gower, S.T., Bundy, L.G. 2001. 
Measurements and modeling ofc and Nitrogen Cycling in Agroecosystems of Southern 





Martinez-Faria, R.A., Dietzel, R., Liebman, M., Helmers, M.J., Archontoulis, S.V. 2016. Rye 
cover crop effects on maize: A system-level analysis. Field Crops Research, 196, 145-
159. https://doi.org/10.1016/j.fcr.2016.06.016. 
 
McDaniel, M.D., Tiemann, L.K., Grandy, A.S. 2014a. Does agricultural crop diversity enhance 
soil microbial biomass and organic matter dynamics? A meta‐analysis. Ecological 
Applications, 24, 560–570. 
 
McDaniel, M.D., Grandy, A.S., Tiemann, L.K., Weintraub, M.N. 2014b. Crop rotation 
complexity regulates the decomposition of high and low quality residues. Soil Biology 
and Biochemistry 78:243–254. https://doi.org/10.1016/j.soilbio.2014.07.027. 
 
McDaniel, M.D., Grandy, A.S., Tiemann, L.K., Weintraub, M.N. 2016. Eleven years of crop 
diversification alters decomposition dynamics of litter mixtures incubated with soil. 
Ecosphere 7:e01426. https://doi.org/10.1002/ecs2.1426. 
 
Miguez, F.E. 2020. nlraa: Nonlinear Regression for Agricultural Applications. R package version 
0.73. https://CRAN.R-project.org/package=nlraa. 
 
Nunes, M.R., van Es, H.M., Schindelbeck, R., Ristow, A.J., Ryan, M. 2018. No-till and cropping 
system diversification improve soil health and crop yield. Geoderma 328(15): 30-43. 
https://doi.org/10.1016/j.geoderma.2018.04.031.  
 
Poeplau, C., Don, A. 2015. Carbon sequestration in agricultural soils via cultivation of cover 
crops – A meta-analysis. Agriculture, Ecosystems and Environment 200: 33-41. 
http://dx.doi.org/10.1016/j.agee.2014.10.024. 
 
Potter, K.N., Torbert, H.A., Johnson, H.B., Tischler, C.R. 1999. Carbon storage after long-term 
grass establishment on degraded soils. Soil Science: October 1999 164(10) 718-725. 
 
R Core Team. 2020. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 
 
Reeves, J.L., Liebig, M.A. 2016. Soil pH and Exchangeable Cation Responses to Tillage and 
Fertilizer in Dryland Cropping Systems. Communications in Soil Science and Plant 
Analysis, 47:21, 2396-2404. https://doi.org/10.1080/00103624.2016.1243706. 
 
Schlesinger W.H. 1986. Changes in soil carbon storage and associated properties with 
disturbance and recovery. In: Trabalka J.R., Reichle D.E. (eds) The Changing Carbon 
Cycle. Springer, New York, NY. https://doi.org/10.1007/978-1-4757-1915-4_11. 
 
Scott‐Denton, L.E., Rosenstiel, T.N., Monson, R.K. 2006. Differential controls by climate and 
substrate over the heterotrophic and rhizospheric components of soil respiration. Global 




Sinsabaugh, R.L., Reynolds, H., Long, T.M. 2000. Rapid assay for amidohydrolase (urease) 
activity in environmental samples. Soil Biology and Biochemistry 32:2095–2097.  
 
Stavi, I., Bel, G., Zaady, E. 2016. Soil functions and ecosystem services in conventional, 
conservation, and integrated agricultural systems. A review. Agronomy for sustainable 
development 36:32. https://doi.org/10.1007/s13593-016-0368-8.  
 
Tarkalson, D.D., Hergert, G.W., Cassman, K.G. 2006. Long-term effects of tillage on soil 
chemical properties and grain yields of a dryland winter wheat-sorghum/corn-fallow 
rotation in the great plains. Agronomy Journal 98(1), 26-33. 
https://doi.org/10.2134/agronj2004.0240. 
 
Vance, E.D., Brookes, P.C., Jenkinson, D. S. 1987. An extraction method for measuring soil 
microbial biomass C. Soil biology and Biochemistry, 19:703–707. 
 
Vanzolini, J.I., Galantini, J.A., Martínez, J.M., Suñer, L. 2017. Changes in soil pH and 
phosphorus availability during decomposition of cover crop residues. Archives of 
Agronomy and Soil Science, 63(13), 1864-1874. 
https://dor.org/10.1080/03650340.2017.1308493. 
 
Wander, M.M., Bollero, G.A. 1999. Soil quality assessment of tillage impacts in Illinois. Soil 
Science Society of America 63(4), 961-971. https://doi.org/10.2136/sssaj1999.634961x. 
 
West, T.O., Post, W.M. 2002. Soil organic carbon sequestration rates by tillage and crop 
rotation: a global analysis. Soil Science Society of America Journal 66(6), 1930-1946. 
https://doi.org/10.2136/sssaj2002.1930.  
 
Yu, Z., Lu, C., Cao, P., Tian, H. 2018. Long-term terrestrial carbon dynamics in the Midwestern 
United States during 1850-2015: Roles of land use and cover change and agricultural 
management. Global Change Biology 24(6), 2673-2690. 
 
Zuber, S.M., Behnke, G.D., Nafziger, E.D., Villamil, M.B. 2017. Multivariate assessment of soil 
quality indicators for crop rotation and tillage in Illinois. Soil and Tillage Research 174, 
147-155. https://doi.org/10.1016/j.still.2017.07.007.  
 
Zuber, S.M., Villamil, M.B. 2016. Meta-analysis approach to assess effect of tillage on microbial 
biomass and enzyme activities. Soil Biology and Biochemistry 97, 176-187. 
https://doi.org/10.1016/j.soilbio.2016.03.011. 
 
Zuber, S.M., Behnke, G.D., Nafziger, E.D., Villamil, M.B. 2015. Crop rotation and tillage 





Table 3.1. Average percent carbon (C), percent nitrogen (N), C:N ratio, and biomass of soybean 
plant leaves and stems by variety and cover crop item. 
Soybean leaves %C %N C:N Ratio Biomass (Mg ha-1) 
V1 48.2a 5.2a 9.3a  
V2 47.9a 4.9a 9.8a  
V3 47.9a 4.9a 9.7a  
Soybean stems     
V1 45.3a 1.8a 27.1a  
V2 45.1a 1.8a 26.8a  
V3 45.2a 1.7a 28.1a  
CC Item     
Aboveground 43.7 3.7 13.4 0.59 - 1.35 (18) 
Roots 30.8 1.5 22.0 0.70 - 1.16 (12) 
Means with the same letters indicate no significant differences between varieties at P ≤ 0.05. 
Numbers inside parentheses indicate number of observations (V1 = Variety 1, C:N = 47:1; V2 = 









Soil C MBC pH Soil 
NO3-N 
Crop 0.0845 0.1345 0.7478 0.783 0.7354 0.7679 
Tillage 0.0029 0.0028 0.0878 0.8705 0.1069 0.143 
Crop*Tillage 0.3938 0.25 0.2103 0.1316 0.9096 0.8891 
Cover 
  
0.9309 0.3995 0.4396 0.8246 
Crop*Cover 
  
0.7656 0.445 0.1733 0.9413 
Tillage*Cover 
  
0.144 0.2455 0.31 0.8436 
Crop*Tillage*Cover 
  
0.943 0.116 0.3833 0.5319 
Date 
  
0.1232 <0.0001 0.1311 <0.0001 
Crop*Date 
  
0.2412 0.0001 0.2072 0.0218 
Tillage*Date 
  
0.2645 0.6571 0.1645 0.1776 
Crop*Tillage*Date 
  
0.022 0.4015 0.6549 0.3227 
Cover*Date 
  
0.4608 0.4579 0.4483 0.0137 
Crop*Cover*Date 
  
0.9293 0.4978 0.0132 0.0239 
Tillage*Cover*Date 
  
0.4053 0.0874 0.5447 0.9185 
Crop*Tillage*Cover*Date 
  
0.5005 0.6745 0.4648 0.4735 
Values presented are P values. Statistical significance is established at P ≤ 0.05. These values are 
in bold for clarity (C = carbon; CC = cover crop; MBC = microbial biomass carbon, N = 




Table 3.3. Model parameters for the decomposition of soybean residue using nonlinear 
techniques. 
Tillage a c xs 
CP 101A -0.0136A 64.6A 
NT 96A -0.0173B 67.0A 
Means with the same upper case letters indicate no significant differences between tillage 
systems for each variable at P ≤ 0.05 (CP = chisel plow; NT = no-till; a = initial value; c = rate 
constant; xs = break-point). The model is:  
𝑌 = 𝑎ⅇ𝑐𝑥
𝑌 = 𝑎ⅇ𝑐xs







Figure 3.1. Cover crop organic carbon (A) and organic nitrogen (B) content from each row crop 
and tillage treatment in 2019. Upper case letters compare tillage treatments across row crops. 
Treatment means with the same letter are not significantly different at P ≤ 0.05 (NT = no-till; CP 





Figure 3.2. Average total soil carbon (C) in the top 15 cm of the soil for different tillage and 
cover crop treatments by date for each crop (A-corn and B-soybean). Upper case letters compare 
cover crop treatments within each tillage system and date. Lower case letters compare cover crop 
treatments between tillage systems within each date. Treatment means with the same letter are 
not significantly different at P ≤ 0.05 (NT = no-till; CP = chisel plow; CC = cover crop; NC = no 





Figure 3.3. Average soil microbial biomass-carbon in the top 15 cm of the soil for different 
tillage and cover crop treatments by date for each crop (A – corn and B – soybean). Error bars 
indicate least significant difference when each treatment combination was treated as 
independent, discrete treatments. A significant difference across treatments within each date is 






Figure 3.4. Average soil pH in the top 15 cm of the soil for different tillage and cover crop 
treatments for each crop (A – corn and B – soybean). Upper case letters compare cover crop 
treatments within each tillage system and date. Lower case letters compare each cover crop 
treatment between tillage systems within each date. Treatment means with the same letter are not 






Figure 3.5. Soil nitrate in the top 15 cm of the soil for different tillage and cover crop treatments 
for each crop (A – corn and B – soybean). Upper case letters compare cover crop treatments 
within each tillage system and date. Lower case letters compare each cover crop treatment 
between tillage system and date. Lower case letters compare each cover crop treatment between 
tillage systems within each date. Treatment means with the same letter are not significantly 







Figure 3.6. Pearson correlations from 2019 fall data for each row crop and cover crop treatment. 
The color and number denote the magnitude of the relationship. No significant differences were 
detected. (NT = no-till; CC = cover crop; NC = no cover crop; IR = infiltration rate; GWC = 
gravimetric water content; MWD = mean weight diameter; MBC = microbial biomass carbon; 
TC = total carbon).  
C. Soybean NT – NC  D. Soybean NT – CC  





Figure 3.7. Water nitrate concentration in 2018 and 2019 suction tubes in tillage and cover crop 
treatments for each crop (A – corn and B – soybean; NT = no-till; CP = chisel plow; CC = cover 
crop; NC = no cover crop). Numbers inside the circles indicate the number of observations 




Figure 3.8. Model predictions of soybean residue decomposition of each variety by tillage. 
Shaded areas are 90% confidence intervals of the model for each tillage treatment, which were 
created by the data points shown (V1 = Variety 1; V2 = Variety 2; V3 = Variety 3; NT = no-till; 
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Abstract 
Current agricultural practices are harmful to soil structure and the environment and are 
not suited to deal with the changing pattern of precipitation events. Conservation practices such 
as cover crops and no-till have been proposed to protect the soil and environment while 
maintaining productivity. In this study, we investigated the response of soil physical property 
indicators in a split-split plot design with tillage as the main treatment and cover crop as the 
subtreatment in a corn (Zea mays L.) – soybean [Glycine max (L.) Merr.] rotation. Cover crop 
treatments were no cover crop (NC) and a winter rye (Secale cereale L.) cover crop (CC). 
Tillage treatments were chisel plow (CP) and no-till (NT). Each treatment combination was 
executed in this 2x2 complete factorial design. The objective of this study was to evaluate the 
effects of these treatments on soil bulk density (ρb), water stable aggregates (WSA), mean weight 
diameter (MWD), penetration resistance (PR), and infiltration rate (Ir). A decrease in ρb with CC 
in corn was detected after two years. WSA did not exhibit differences between treatments, but 
MWD showed variability through the season. PR was influenced by treatments at depths greater 
than the treatment application. Ir was higher in CC than NC, and higher in NT than CP at the 
surface depth. This shows that soil physical properties are influenced by management practices, 




Over the past three decades, an increase in the frequency of intense precipitation events 
and an increase in time between rain events have been observed in the central United States 
(Groisman et al., 2012). This variability in rainfall is expected to continue, as indicated by model 
analyses (Winkler et al., 2012). Extended periods of drought lead to a decline in soil structure 
and aggregation, especially in conventional tillage systems (Al-Kaisi et al., 2013). Under current 
agricultural management practices, soils and the environment are being degraded through 
processes such as accelerated soil erosion and soil organic carbon (SOC) loss (Lal, 2015). Soil 
conservation practices are necessary to buffer against the impact of future unpredictable weather 
conditions on crop production and soil health (Al-Kaisi et al., 2013), and reverse the degradation 
process (Lal, 2015). Conservation practices lead to positive impacts by increasing the amount of 
SOC in the soil (Villamil et al., 2006). 
Tillage is normally implemented to provide a favorable establishment and growth 
environment for row crops by accelerating warming, drying the soil, and incorporating plant 
residue, especially in regions with wet and cold soils. However, there are many negative 
consequences this practice may have on soils. Tillage can decrease water infiltration and increase 
soil erosion (Baumhardt et al., 2015). A study of soils in long-term conventional tillage and NT 
plots in Georgia showed water stable aggregates (WSA) decreased with tillage (Beare et al., 
1994). A meta-analysis of 67 long-term studies shows that tillage reduces soil organic carbon 
(West and Post, 2002). Tilling dry soils damages the soil structure and decreases the number of 
soil aggregates, which leads to soil erosion and loss of nutrients and SOC (Al-Kaisi et al., 2013; 
Six et al., 2002). 
 Cover crop (CC) management also plays a critical role in managing soil physical 
properties. The presence of a CC as a physical barrier protects against potential erosion during 
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intense rain and wind events. The inclusion of a CC can reduce soil erosion from rainfall by 95% 
(Kaspar et al., 2001). CC can also improve soil structure through the addition of organic matter 
(Villamil et al, 2006).  
Soil health indicators have been selected to monitor soil physical properties due to their 
sensitivity to management practices and relevance to the environment (Wander and Bollero, 
1999). Soil water storage efficiency and water availability to crops can be improved through soil 
management practices by improving WSA, increasing water infiltration rate (Ir), reducing 
evaporation, and decreasing bulk density (ρb, Al-Kaisi et al., 2013). For example, the extent of 
soil erosion is dependent on water infiltration, which is influenced by ρb and mean weight 
diameter (MWD, Guzman and Al-Kaisi, 2011).  
The effect of these soil health physical properties on soil health indicators is the basis for 
this study. Techniques of soil conservation should be tailored to specific sites (Lal, 2015). The 
objective of this study was to investigate the short-term effects of stacked conservation 
agriculture practices on the soil physical health parameters that include ρb, MWD, PR, and Ir.  
 Research Question 4: How does cover crop and tillage system affect soil physical 
properties? 
We hypothesize that implementing no-till (NT) and winter rye (Secale cereale L.) cover 
crop practices in a soil management system will lead to decreased ρb and increased WSA, MWD, 
PR, and water Ir. We do not expect to see interactive effects in such a short time frame. 
Materials and Methods 
Experimental site and treatments 
This experiment was established in the fall of 2017 on a Nicollet clay loam (Fine-loamy, 
mixed, superactive, mesic Aquic Hapludolls), Webster clay loam (Fine-loamy, mixed, 
superactive, mesic Typic Endoaquolls), and Clarion loam (Fine-loamy, mixed, superactive, 
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mesic Typic Hapludolls) soil association at the Iowa State University Northern Research Farm in 
Kanawha, Iowa (42.937°N; 93.802°W). Before the experiment was established, the entire site 
was in a traditional corn (Zea mays L.) – soybean [Glycine max (L.) Merr.] rotation. The field 
was strip tilled for three years leading up to the establishment of this study, and chisel plowed 
before that. The site was split into two halves for this study. One half was kept in corn and the 
second half was planted with soybean. The corn half of the site was treated as continuous corn in 
2018. Liquid urea-ammonium nitrate 32% N (UAN) was broadcast on 28 April 2018 with a 
Hagie 280 self-propelled sprayer with an 18-m boom (Hagie, Clarion, IA) using agronomic rates 
of 190 kg ha-1. On 18 June 2018, the corn plots received additional UAN side-dressed at 60 kg N 
ha-1 with a John Deere 6105R tractor (John Deere, Moline, IL) and custom side-dress bar where 
the knife places the UAN 5-8 cm below the surface. Following a two-year application schedule, 
phosphorus and potassium fertilizer were applied in the fall of 2018 with a 6105R John Deere 
(John Deere, Moline, IL) and a Valmar spreader (Salford, Inc., Osceola, IA) at rates of 250 kg 
ha-1 of monoammonium phosphate (MAP, 11-52-0) and 270 kg ha-1 for soybean plots and 400 kg 
ha-1 for corn plots of potash (0-0-60) to maintain optimum fertility for both corn and soybeans. 
The average annual temperature in 2018 and 2019 was 7.08 ℃ and 6.69 ℃, respectively, and the 
annual precipitation was 1266 mm and 1062 mm, respectively. 
The site for each crop consisted of two tillage systems; no-till (NT) and chisel plow (CP), 
which represent the main treatment. The CP was conducted followed by disc in the fall after 
harvest and prior to CC seeding (winter rye). The CP was implemented to a depth of 15 cm with 
a John Deere 714 (Moline, IL) with an added row of concave disc blades to chop up residue. 
Disc treatment was implemented in the spring with a Kewanee 1020 (this model is no longer 
available in the market), a tandem disc with concave blades in two rows offset at an angle that 
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works the soil to a depth of 10 cm. Spring tillage was executed after CC termination to a depth of 
10 cm with a John Deere 726 soil finisher (John Deere, Moline, IL), which is similar to a field 
cultivator but with an added row of concave disc blades in the front. The NT system had no soil 
disturbance except during seed planting, CC seeding, and side-dress N fertilizer application. 
The cover crop treatments consisted of no cover crop (NC), in which no cover crop was 
planted, and cover crop (CC), in which cereal winter rye was seeded at 90 kg ha-1 for each tillage 
treatment and crop-year using a John Deere 1560 no-till drill (John Deere, Moline, IL). The CC 
was planted on 8 November 2017 for all CC plots, 23 October 2018 in CC plots previously 
planted with corn, and 16 November 2018 in CC plots previously planted with soybeans. Due to 
different row crop harvest dates, CC was not planted in all plots on the same date in 2018. In 
2018, CC was terminated using Abundit® Edge herbicide (glyphosate) on 17 May in plots 
previously planted with soybeans and 4 June in plots previously planted with corn. The CC was 
terminated in 2019 with Abundit® Edge herbicide (glyphosate) on 13 May. Glyphosate was 
applied at a rate of 79 oz ha-1 with a John Deere 6105R tractor (John Deere, Moline, IL) and a 
Century 300 3-point sprayer.  
The site was planted at a seeding density of 86,500 seeds ha-1 for corn (Dekalb 49-72 in 
2018 and Becks 5140 in 2019) and 330,000 seeds ha-1 in 2018 and 371,000 seeds ha-1 in 2019 for 
soybeans. The planter used was a John Deere 1705 planter (John Deere, Moline, IL).  
Treatments were established to monitor the effects of cover crop and tillage systems on 
bulk density (ρb), water stable aggregates (WSA), mean weight diameter (MWD), penetration 
resistance (PR), and water infiltration rate (Ir) in a split-split plot design with tillage as the main 
treatment and cover crop as the sub-treatment with three replications in a corn-soybean rotation, 
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where both crops were grown in both years. The dimensions of each plot were 18.3 m wide by 
30.5 m long with 9.1 m separating corn and soybean sites and 18.3 m between replications. 
Soil bulk density 
 Soil ρb samples were collected prior to tillage in the fall of 2017, spring and fall of 2018, 
and spring of 2019. Due to wet conditions during soil sampling, samples were not collected for 
ρb in the fall of 2019. Soil sampling was done by taking three cores per plot with a diameter of 
1.7 cm were taken to a depth of 15 cm. Cores were carefully placed in paper bags and brought 
back to the lab. Cores were oven dried at 105 ℃ for 48 hours and weighed. The dried soil mass 
was divided by the soil core volume to determine ρb. 
Water stable aggregates and mean weight diameter 
Two soil samples per plot were collected in the fall of 2017 and the spring and fall of 
both 2018 and 2019 to measure any changes in WSA. Samples were collected using a 10.8 cm 
(4.25 in)-diameter core cutter to a depth of 15.24 cm (6 in). Samples were then processed and 
sieved through an 8-mm sieve at room temperature and at field moisture and left to air dry. Soil 
aggregates between 4 and 8 mm were then used for wet sieving to determine WSA. Two 100-g 
subsamples were wet sieved to obtain six aggregate size fractions (>4 mm, 2-4 mm, 1-2 mm, 0.5-
1 mm, 0.25-0.5 mm, and <0.25 mm, or 0.053 mm). The sieves were stacked, and soil was placed 
on the top sieve. Soil aggregate size fractions were separated by vertically oscillating the samples 
for five minutes at 90 strokes min-1 with a stroke length of 4.5 cm in a custom-made apparatus 
filled with deionized water at room temperature. Further details on this procedure can be found 
in Guzman and Al-Kaisi (2011). All fractions were rinsed into individual beakers, dried at 60℃, 
and the masses were recorded once the water had evaporated. The MWD was calculated by 
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multiplying the mass of each fraction by its sieve size and summing the values from each 







i = fraction,  
xi = size of the fraction in mm, and 
 wi = weight of the fraction as a percentage. 
Soil penetration resistance 
Soil penetration resistance was measured at 2.5 cm intervals to a depth of 60 cm with a 
Rimik CP-20 Penetrometer (Rimik, Toowoomba, Queensland, AU). The penetrometer uses a 30° 
cone with a 1.27 cm diameter base. The targeted insertion speed was 1.3 m min-1, with a range of 
0.1 - 2 m min-1. Measurements were taken in soybean plots in the spring and fall of 2018, and in 
both corn and soybean plots in the spring of 2019 to follow changes in penetration resistance 
throughout the study. Data were not collected in the fall of 2019 due to wet soil conditions. Each 
plot was measured between rows to avoid hitting roots three times and averaged for one set of 
readings per experimental unit. 
Water infiltration rate 
 Ir was measured in each treatment of each block in the soybean plots on 5 June 2018 
using a Cornell Sprinkle Infiltrometer (Cornell University, Ithaca, NY). The infiltrometer was 
placed on a metal cylinder with a diameter of 24.1 cm and a hole on the side. The cylinder was 
pounded into the ground until the bottom of the hole was flush with the soil surface. A tube was 
connected to the hole and a 500 mL plastic beaker to collect the runoff, which was then 
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measured using a plastic graduated cylinder. The rainfall intensity rate was set to 0.5 cm min-1. 
Runoff was collected every three minutes until a constant runoff volume was reached. Ir was 
calculated as: 
𝐼𝑟 = 𝑎(𝑟 − 𝑟𝑜𝑡) 
where 
r = rainfall intensity in cm min-1,  
rot = surface runoff rate in cm min
-1,  
a = correction factor, and  
t = time interval.  
A correction factor (a) of 0.8 was used as recommended by Reynolds and Elrick (1990) 
to account for horizontal flow at the bottom of the metal cylinder. This correction factor is 
determined by accounting for soil type and the depth and radius of the cylinder. 
Statistical analysis 
 Bulk density and MWD data were analyzed using the statistical analysis procedure PROC 
MIXED is SAS® software version 9.4 (SAS Institute, 2016). Tillage was considered the main 
treatment and cover crop was split treatment within each tillage system and treated as a split-plot 
in a complete block design. Data for each rotation and date were analyzed separately to 
determine the main effects of the tillage and cover crop treatments as factorial treatments. Year, 
tillage treatment, cover crop treatment, and row crop were all considered fixed variables. Two-
way ANOVA procedures with the PDIFF function were used to evaluate significant differences 
among treatments and significance was determined at P ≤ 0.05. Standard error was computed for 
each treatment within each row crop and date and represented by standard error bars to illustrate 
the variability (Fig. 4.1 and 4.2). Penetration resistance and infiltration rate were analyzed using 
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the PROC ANOVA procedure with each treatment combination treated as independent 
treatments. Each time point was analyzed separately, and standard error was calculated from the 
observations within each treatment at each time point and visually represented as standard error 
bars. Significance was determined using one-way ANOVA, and significance was determined at 
P ≤ 0.05. 
Results and Discussion 
Soil bulk density 
Soil ρb was measured to understand the effect of tillage and cover crop on the soil 
physical properties (Fig. 4.1). Interactions between date, row crop, tillage, and cover crop were 
evaluated (Table 4.1). Soil ρb was generally stable through the duration of the experiment. There 
were no significant differences for the main effects of tillage (P = 0.4465) or cover crop (P  = 
0.1773) on ρb. Row crop*date was significant (P = 0.0003), with differences between corn plots 
in the fall of 2018 and the spring of 2019, and between corn and soybean plots in the fall of 
2018. No significant differences were observed between tillage and cover crop treatments at each 
time for soybeans. For the corn plots in the spring of 2019, CC had lower ρb than NC (P = 
0.0121), specifically in the NT plots (P = 0.0211). This can be explained by the benefits cover 
crop provide to soil structure such as improved soil porosity. Villamil et al. (2006) also found 
that cover crops decreased ρb at the soil surface in a five-year study, with no difference further 
down the soil profile. A study in eastern Montana found no difference in ρb between tillage 
treatments in continuous wheat after 30 years (Baumhardt et al., 2015), and another study found 
differences in ρb only in fallow years of a wheat (Triticum aestivum L.) – sorghum (Sorghum 
bicolor [L.] Moench) – fallow crop rotation (Unger and Jones, 1998). Alternatively, 
Bhattacharyya et al. (2006) found a slight increase in ρb in the top 7.5 cm of NT compared to 
minimum and conventional tillage after four years in a sandy clay loam soil in India.  
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Water stable aggregates and mean weight diameter 
WSA was evaluated at the beginning of the experiment – in the fall of 2017, and at the 
end – in the fall of 2019 for soybean plots (Fig. 4.2). There was a significant difference over time 
for the 4-, 2-, 1-, and 0.053-mm fractions (p <0.0001, <0.0001, 0.0004, and <0.0001, 
respectively). The only fractions that did not change over time were the 0.5- and 0.25-mm 
fractions (P = 0.3171 and P = 0.4834, respectively). Another study also found micro-aggregate 
sizes to be less responsive to tillage treatments than macro-aggregates (Al-Kaisi et al., 2014). At 
the end of the experiment, however, there were no significant differences between treatment 
effects of tillage or cover crop on each fraction size. Long-term studies found that NT increased 
WSA compared to plow till in soils over twelve years, which the researchers attributed to 
increased organic matter (Al-Kaisi et al., 2014), residue on the soil surface, and the absence of 
mechanical disturbance (Nunes et al., 2018). Another factor related to these responses is the 
higher biological activity associated with NT (van Es and Karlan, 2019). A study evaluating CC 
found an increase in WSA with winter rye in a continuous corn rotation in Maryland (Steele and 
Hill, 2012). Our results show that while there was no treatment effect on the WSA fraction 
distribution, this indicator is sensitive enough to experience changes over short periods of time.  
The MWD of aggregates, which converts each individual WSA fraction size of a 
treatment into a single value, was also calculated to observe the effects of tillage and cover crop 
treatments on aggregate distribution. The MWD was calculated for each time point: fall of 2017 
and the spring and fall of 2018 and 2019. The results are presented in Fig. 4.3 and Table 4.1. The 
tillage and cover crop treatments were not significant for corn (P = 0.8508 and P = 0.4025, 
respectively) or soybeans (P = 0.4955 and P = 0.4240, respectively). The lack of differentiation 
between treatments was present at each date for each crop. Alternatively, date was a significant 
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factor in the analysis (P < 0.0001). The trend of time was the same for both row crops. The 
highest MWD was found in the fall of 2019, followed by the fall of 2018. The values measured 
in the spring of 2018 and 2019 were lower and statistically similar to each other for each row 
crop. These times of decreased MWD indicate that certain soil properties have seasonal effects, 
and therefore the soil is at greater risk of erosion due to the changes in soil structure itself in the 
spring compared to the fall. Again, this difference is consistent across tillage and cover crop 
treatments, which were not significant. This finding emphasizes the importance of a cover crop 
to act as a physical barrier to provide a layer of living cover or plant residue that diffuse the 
kinetic energy of rainfall and protect the soil (Kaspar and Singer, 2011). 
Penetration resistance 
PR was measured prior to tillage in the spring and fall to measure the treatment effects of 
tillage and cover crop on another physical soil health indicator. The results are presented in Fig. 
4.4. In general, there were no consistent trends between treatments over time. One observation 
worth noting is that differences in PR between treatments were observed at the lower depths. 
Cover crop root growth did not extend past the first 10 cm of the soil, and tillage was 
implemented to 15 cm. However, differences were observed at depths below 40 cm in the fall of 
2018 and spring of 2019 (Fig. 4.4B and C). At the shallow depths where the tillage and cover 
crop treatments were applied, there were trends of statistical significance in the spring of 2019 
(Fig. 4.4C and D). CC decreased the PR in soybean plots, and tillage decreased the PR in corn 
plots. Nunes et al. (2018), who also found increases in PR with NT compared to plow tillage at 
0-15 cm depths. Unger and Jones (1998) found that tillage was less influential at increasing soil 
depth, and that NT had greater surface PR than reduced tillage in a wheat– sorghum – fallow 
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crop rotation. Licht and Al-Kaisi (2005) found similar results in a corn – soybean rotation. With 
respect to cover crops, Villamil et al. (2006) found that CC reduced PR at the soil surface. 
Water infiltration rate 
Ir was measured in the soybean plots in the spring of 2018 to observe the effect of tillage 
and cover crop on water infiltration (Fig. 4.5). These findings show that although not statistically 
significant, CC trended towards greater Ir than NC across the duration of the collection period. 
This may be caused by the root channels and increased SOC added to the soil to promote soil 
structure. A study in Maryland found that CC treatments increased water infiltration at some 
locations and found no difference at other locations (Steele and Hill, 2012). Additionally, NT 
treatments trended towards greater Ir than CP. This may be caused by NT having larger 
aggregate size and a more stable soil structure than CP, allowing for more preferential flow, 
since water infiltration is driven by soil porosity (Basche et al., 2016). Baumhardt et al. (2015) 
and Nunes et al. (2018) also found that tillage decreased water infiltration. In this study, the 
treatment with the lowest Ir and consequently the greatest runoff rate was the CP – NC treatment. 
This provides insight into the negative effects conventional tillage practices have on the 
environment and nutrient and sediment losses. 
Conclusion 
Overall, the results show that NT and CC improved soil physical properties, and some 
differences can be observed in the first two years of implementation. Cover crop treatments 
showed greater differences than tillage treatments in improving soil structure. This is expected 
since tillage is implemented for a short period of time (2-yr).  
Soil ρb was an indicator with relatively little variability. No differences between tillage or 
cover crop treatments were observed in four of the five crop*dates, and variability was lower 
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than in other indicators. The one crop*date that had a difference was the spring of 2019, where it 
was lower in CC than NC.  
The variability of WSA and MWD over time supports the usefulness of these indicators 
in detecting differences over short periods of time, although there were no significant differences 
between treatments. This is especially true for the macro-aggregate fractions, which showed 
significant differences between the fall of 2017 and the fall of 2019. WSA showed differences 
between the two time points, which were two years apart, and MWD appears to decrease in the 
spring and increase in the fall. MWD was highly variable because it is calculated by a number of 
measurements each with their own variability, but it may be useful in showing trends over time.  
PR is a very sensitive measurement, as trends present in one season were different from 
the next season. While tillage effect and CC roots occurred only in the top 15 cm of the soil, 
differences between treatments were observed well below that depth. Additionally, the increase 
in PR as depth increased in the fall of 2018 did not persist in the spring of 2019, even in the NT 
treatments. In the spring of 2019, CC and NT showed an improvement in penetration resistance 
at the soil surface as well as further down the soil profile, especially in soybean plots.  
Cumulative water infiltration exhibited a response to the tillage and cover crop 
treatments. Ir was higher in NT than CP, and higher in CC than NC. The increase of infiltration 
in the spring of 2019 correlates with the decreased ρb observed at the same time.  
These results are important when considering the expected increase in intensity and 
decrease in frequency of precipitation events in the future. Soils with high infiltration and strong 
structure will be able to store more water and reduce runoff which will reduce erosion and 
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Crop 0.1243 0.1076 
Tillage 0.4465 0.499 
Crop*Tillage 0.9674 0.7189 
Cover 0.1773 0.9924 
Crop*Cover 0.275 0.2285 
Tillage*Cover 0.5977 0.1445 
Crop*Tillage*Cover 0.1563 0.7065 
Date 0.0651 <0.0001 
Crop*Date 0.0003 0.309 
Tillage*Date 0.9473 0.4604 
Crop*Tillage*Date 0.4627 0.5452 
Cover*Date 0.7567 0.5088 
Crop*Cover*Date 0.2666 0.6147 
Tillage*Cover*Date 0.0869 0.9354 
Crop*Tillage*Cover*Date 0.5623 0.1127 
Values presented are P values. Statistical significance is established at P ≤ 0.05. These values are 





Figure 4.1. Average soil bulk density of the top 15 cm of the soil for different tillage and cover 
crop treatments by date for each crop (A – corn and B – soybean). Upper case letters compare 
cover crop treatments within each tillage system and date. Lower case letters compare cover crop 
treatments between tillage systems within each date. Treatment means with the same letter are 
not significantly different at P ≤ 0.05 (NT = no-till; CP = chisel plow; CC = cover crop; NC = 





Figure 4.2. Average water stable aggregates of each fraction size for each treatment. Treatment 
means with the same letters within each fraction size are not significantly different at P ≤ 0.05 






Figure 4.3. Average mean weight diameter of the top 15 cm of the soil for different tillage and 
cover crop treatments by date for each crop (A – corn and B – soybean). Upper case letters 
compare cover crop treatments within each tillage system and date. Lower case letters compare 
cover crop treatments between tillage systems within each date. Treatment means with the same 
letter are not significantly different at P ≤ 0.05 (NT = no-till; CP = chisel plow; CC = cover 






Figure 4.4. Average penetration resistance through the soil profile for different tillage and cover 
crop treatments for each crop and date. A significant difference across treatments at each depth 
within each date and crop is indicated with an asterisk (*) at P ≤ 0.05 (NT = no-till; CP = chisel 




Figure 4.5. Average infiltration rate of soil as measured by a Cornell Sprinkle Infiltrometer 
across tillage and cover crop treatments in the spring of 2018. Error bars indicate least significant 
difference at each time. No significant differences were observed at P ≤ 0.05 (NT = no-till; CP = 






































 GENERAL CONCLUSION 
 Conservation practices such as reduced tillage and cover crops have been recommended 
to reduce the negative effects current agricultural practices have on the environment and soil 
health. Some of these negative effects include nutrient leaching such as nitrogen and phosphorus, 
soil erosion, and loss of soil organic matter. However, there are perceived risks associated with 
using conservation practices in the Des Moines Lobe, such as decreased soil temperature, 
decreased yield, and increased compaction. This study looks at the effect of two tillage 
treatments, chisel plow (CP) and no-till (NT), and two cover crop treatments, no cover crop (NC) 
and winter rye (Secale cereale L.) cover crop (CC), in a corn (Zea mays L.) – soybean [Glycine 
max (L.) Merr.] rotation. Tillage systems and cover crops were investigated in this study to 
observe the short-term effects of these practices on (1) agronomic and economic returns, (2) soil 
biological and chemical soil health indicators and water quality, and (3) soil physical health 
indicators. 
 Findings from this study show that CP experienced greater relative maximums in soil 
temperature than NT, and lower soil moisture. Cover crop treatment had very little effect on soil 
temperature and soil moisture. Conversely, tillage treatment had no effect on yield in both corn 
and soybeans, and CC had greater yields than NC in corn in 2018 and soybeans in 2019. The 
input costs were higher for CP than NT and CC than NC, but the economic returns were equal 
for all treatments in the crop-years with an increased yield with CC. When including cost-share 
benefits, CC-NT had greater economic returns than NC-NT for all crop-years. 
 The CC biomass was greater in CP than NT but did not translate to increased soil total 
carbon (TC). Additionally, pH was not different between tillage or cover crop treatments. 
Microbial biomass carbon (MBC) proved itself to be a more sensitive indicator, showing 
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significant differences in the fall of 2019. CP–NC had the lowest MBC and NT had higher MBC 
in corn, and CP–CC had the highest MBC in soybeans. Lysimeter water nitrate–nitrogen (NO3–
N) concentration was lower in CC and NT compared to NC and CP, respectively. Soybean 
residue decomposition was greater and at a faster rate under NT compared to CP for all three 
experimental soybean varieties, which did not have significantly different C:N ratios. 
 Soil physical health indicators showed differences between cover crop treatments, but not 
tillage treatments in the two years of this study. After a year and a half, CC showed a decrease in 
ρb compared to NC in corn. Water stable aggregates (WSA) improved in the 4-, 2-, and 1-mm 
fractions for all treatments after two years but showed no differences between treatments. 
Similarly, mean weight diameter (MWD) showed no differences between treatments throughout 
the duration of the study. Penetration resistance (PR) showed significant differences at depths 
below the depth of tillage and CC root growth and was a dynamic indicator. The differences at 
greater depths did not follow trends, but CP and CC showed reductions in PR compared to NT 
and NC, respectively, near the soil surface in the spring of 2019. These trends correlate with 
infiltration in the spring of 2018, where CC had greater infiltration than NC and NT had greater 
infiltration than CP. 
 These results collectively show marginal improvements to some soil health indicators and 
agronomic response with conservation practices over a short-term period of two years. Among 
other indicators, there was no difference between treatments. Additionally, there were no 
indicators where conservation practices negatively impacted the environment or soil health. This 
is promising because the benefits of reduced tillage and CC are expected to increase over time. 
Further research would determine the stability of the observed trends. We conclude from this 
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study that practicing reduced tillage intensity and adopting a cover crop are effective strategies 
for enhancing soil health while maintaining productivity and protecting the environment. 
